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Abstract: This thesis presents the results of an investigation into the transport
of water through soil from a pervaporative irrigation tube. This irrigation
system uses a selective polymer membrane that allows water to cross by the
process of pervaporation, which releases water into the soil in vapour phase.
The polymer membrane is formed into a tube, buried in the soil and filled
with saline water. The selectivity of the membrane retains salt within the
tube whilst water is released, so the system treats the water and distributes
it for irrigation simultaneously. The distribution of water from the system,
rather than the treatment efficiency, was the focus of this project.
Although in the field the system will interact with the plants it irrigates,
in this work, for simplicity, plants were neglected. Instead a series of labora-
tory experiments were conducted to quantify the flux from the pervaporative
tube in different soil types and in different humidity conditions. The results
of these experiments highlighted, for the first time, the significance of vapour
flow and condensation in the soil during the pervaporative irrigation process.
Soil types with high water sorption at low relative humidity (e.g. saline sand)
had an increased amount of condensation in the soil which resulted in an
increased flux from the pipe. A moisture sorption isotherm was a useful pre-
dictor of this behavior.
A numerical model was then developed to simulate the experimental find-
ings. Experimental results had demonstrated that diffusion and condensation
of water vapour through the soil were significant processes hence these were
the main focus of the modelling work. Liquid flow was also simulated when
the water content in the soil was sufficient. To simplify the representation of
the pervaporative tube it was assumed that the membrane acted as a 100%
humidity boundary in the soil thus it was assumed that it was the transport
of water through the soil that limited the flux of water from the pervaporative
tube rather than the membrane structure itself. The similarity between the
observed and simulated results supported the basis of this conceptual under-
standing of pervaporative irrigation.
This research raises a number of further questions regarding the interac-
tion between plants and pervaporative membranes. These include how plants
might interact with vapour flows through the soil and the influence of soil
salinity on the interaction between the pervaporative membrane and the plant
roots.
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Chapter 1
Introduction
1.1 Context
Over 6000 years ago the Sumerians developed irrigation infrastructure that provided
food security and allowed cities to grow and flourish (Postel, 2001). Networks of ir-
rigation ditches diverted water from the Tigris and Euphrates rivers (Kramer, 1971),
ensuring a water supply for crops during water shortage and mitigating the effects of
drought on crop yield. However, over a period of centuries it became apparent that
their irrigation regime suffered from a major limitation, soil salinisation. This salini-
sation occurred because water that was applied for irrigation evaporated or was used
by plants for transpiration whilst the salts from that water remained in the soil. Thus
over a period of centuries, as more water was used, more salts accumulated in the
soil. This accumulation of salts impeded plant water uptake which in turn reduced
the crop yield. Imprints of grains found on the inside of pottery found by archaeolo-
gists show that over a period of 2000 years the Sumerian diet gradually changed from
an equal mix of wheat and barley to almost entirely barley, a more salt tolerant crop
(Jacobsen and Adams, 1958). Ancient records from temple surveyors also describe
salt patches forming on fields previously unaffected by salinity (Jacobsen and Adams,
1958). Historians argue that soil salinisation and reduced food security weakened the
civilisation, making them vulnerable to attack and leading to its decline.
Soil salinisation is still a significant issue for modern day irrigation, as over a
third of irrigated land is saline (Stockle, 2002) and 2 million hectares of land is lost to
salinisation each year (Abbas et al., 2011). To prevent accumulation in the plant root
zone, salts are often leached through the soil by applying excess water. However, this
practice can lead to the salinisation of groundwater or surface water sources (Beltrán,
1999). The leaching of salts from the root zone can occur naturally due to rainfall. In
arid and semi-arid regions, where evapotranspiration exceeds precipitation, natural
leaching is unlikely to occur and the soils are particularly susceptible to salinisation
unless excess water is applied through irrigation. An alternative approach is to min-
imise the amount of water used for irrigation so as to minimise the salts added to
the soil in irrigation water, but this method only retards the salinity build up. Re-
search has also been carried out to identify salt tolerant crops (Bruning and Rozema,
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2012) and to use genetics to improve salt tolerance (Flowers, 2004). None of these
methods eliminate the problem and soil salinisation remains a challenge within the
agricultural sector.
Many new challenges also exist within the agricultural sector today, including
population growth, changing diets and limited availability of resources. It is pre-
dicted that the global population will increase to around 9 billion by roughly the
middle of this century (Godfray et al., 2010). At the same time people are becoming
more aﬄuent and are eating more dairy, meat and fish products. Currently one third
of global cereal production is used as animal feed (Godfray et al., 2010), thus to main-
tain these diets for a larger number of people will require a considerable increase in
global crop yield. With a growing population there is also increasing competition for
resources such as water, land and energy. Climate change creates additional uncer-
tainty of resource availability in the future. Over the coming decades the agricultural
sector must strive to increase production whilst using available resources more effi-
ciently.
In past decades the global yields of staple crops have increased significantly, pri-
marily due to the wider use of both irrigation and fertilisers. Since 1960, yields of
irrigated crops (such as rice and maize) have doubled or even tripled (e.g. wheat)
whilst yields of mainly rain-fed crops such as sorghum and millet have only increased
by 30-60% (Madramootoo and Fyles, 2010). These figures suggest that, although fer-
tilisation has undoubtedly played a role in the increase in global yields, the wider use
of irrigation has been fundamental. Globally approximately 17% of cultivated land
is equipped for irrigation (Siebert et al., 2005) and 40% of the world’s food is pro-
duced on irrigated land (Postel, 2001). As well as increasing crop yield per unit area,
irrigation also increases the cultivatable area, as previously dry soils (particularly in
semi-arid and arid regions) can be used to sustain plant growth. It has become essen-
tial to food security globally, regionally and for individual smallholders across the
world. If global production is to be increased, irrigation is likely to play a role.
The focus of this thesis is a particular irrigation technology that uses pervapora-
tive (PV) membrane filtration to desalinate water as it is distributed within the root
zone. Although the use of these systems is in its infancy, this technology could have
a part to play in addressing some of the challenges discussed above. The reason for
interest in this system arises from its potential to treat saline water as it is distributed
for irrigation, with little energy input from the user. Thus it could reduce the risk of
soil salinisation without the cost and complexity of water pretreatment. This system
is of particular interest in arid and semi-arid desert conditions where soil conditions
are very dry and groundwater is often brackish (van Weert et al., 2009).
This PV irrigation system relies on a polymer membrane across which transport
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occurs by the process of pervaporation. The distinguishing feature of the PV trans-
port process is that the water changes phase from liquid to vapour as it crosses the
membrane. This means that, in principle, non-volatile components of the feed solu-
tion cannot cross the membrane, so the membrane can be used to irrigate with saline
water without allowing salts into the soil. PV transport also accounts for another
unusual feature of this irrigation system; the fact that it supplies water to the soil in
vapour phase. To irrigate using pervaporation the polymer membrane is formed into
a tube and buried in the soil. The tube is then connected at one end to a reservoir
tank containing saline water, bunged at the other end and filled with water. If the
surrounding soil is dry a potential gradient exists across the membrane that draws
water into the soil. Plant roots take up moisture from the soil, thereby maintaining
dry conditions and influencing the flux from the irrigation membrane.
Pervaporation has been used as a separation technique for several decades (Jon-
quieres et al., 2002), but has mainly been used for the separation of inorganic mix-
tures within the chemical industry. More recently the process of pervaporation has
been considered for wastewater treatment (Lipnizki et al., 1999) and for desalination
(Korin et al., 1996; Korngold et al., 1996). During operation the user generally has di-
rect control over the conditions at the outer edge of the membrane. These conditions
are optimised to maximise the flux, often by imposing a partial vacuum or by sweep-
ing gas across the surface to transport the permeate away (Shao and Huang, 2007).
However, in the case of PV irrigation, the polymer membrane is enclosed within a soil
environment. Thus the conditions at the outer edge of the membrane are determined
by the conditions in the soil pores, which vary with soil type and environmental con-
ditions. The flux across the membrane is therefore variable.
The primary purpose of an irrigation system is to provide water to plants so as to
increase crop yield. Under irrigation will leave the crop in water stress and is likely
to reduce crop yield. However, over-irrigation can also have a negative effect on yield
and in general it is desirable to minimise the use of water for irrigation due to the
finite availability of water within any catchment. Irrigation technologies and prac-
tices have therefore developed to improve irrigation efficiencies and reduce water
use. Many of these methods use an estimate of the plant water requirements calcu-
lated based on the atmospheric or soil conditions. PV irrigation systems inherently
respond to the soil water content as the flux across the membrane increases in dry
conditions. However, to use PV irrigation appropriately it is important to be able to
predict the response of the system in different environmental conditions and ensure
that sufficient water is applied to the crop. To date, little research has been carried
out to quantify the flux from PV membranes buried in the soil.
When irrigating a crop it is essential to ensure that sufficient water is supplied
1.2. Aspects of pervaporative irrigation not considered in this thesis 4
to the plants to sustain growth. Since the flux from a PV irrigation tube varies with
soil water content it would be useful to be able to predict the irrigation flux that will
occur in different soil moisture conditions. Without a tool to predict the flux an irri-
gator must either use guesswork or empirical methods to approximate the required
amount of PV tubing. However these strategies increase the risk that the crop will
suffer from lack of irrigation if the operational conditions (e.g. soil type, plant type)
change beyond the scope of previous usage. To mitigate against this risk it is logical to
provide excess tubing for the crop, however to do this increases the cost and reduces
the efficiency of the system. An understanding of the fundamental processes that af-
fect water flux from the PV tubing into the soil could therefore be used to improve
the performance of PV irrigation. Therefore the aim of this research was to develop a
quantative model of the flux across a PV membrane into soil.
1.2 Aspects of pervaporative irrigation not considered in this
thesis
Pervaporative irrigation is a relatively new technology and there are many unknown
aspects that could be the topic of useful research. However, the research presented in
this thesis focused specifically on quantifying the water flux across a PV membrane
in dry soil conditions. In narrowing the focus of this project several aspects of the
system have been neglected. Here these features are acknowledged.
First and foremost no work is presented in this thesis to investigate the water
treatment properties of PV irrigation and as such all experiments were carried out
using de-ionised water. Clearly the potential to treat low quality water is a key fea-
ture of this system, and is the primary reason for interest in it. However, transport of
salts across the membrane is likely to be coupled with water transport and thus de-
pendent on flux across the membrane. It is therefore important to quantify the likely
flux in different soil conditions. Thus the research presented in this thesis, which
aims to investigate the processes that affect the water flux, should provide a basis
to aid in understanding coupled transport of salt and other contaminants across the
membrane in future studies.
Secondly this research did not consider the flux of water across the membrane
in vegetated soils. Again the interaction between the PV irrigation tube and plants
is of fundamental importance to the performance of the irrigation system. However
the inclusion of plants in both experimental and modelling work would have signif-
icantly increased the complexity of the research. The fear was that by including this
additional complexity it would be impossible to uniquely identify processes that led
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to specific observations in the data, thus preventing any firm conclusions from being
drawn. By investigating the flux into bare soils the mechanisms affecting the inter-
action between the PV membrane and the soil could be identified, again providing a
basis for future research which includes plants.
Thirdly there are sustainability issues that could affect the usability of the system.
As salt is retained within the irrigation tube by the membrane the concentration of
the feed solution increases with time. Periodically this concentrated brine must be
flushed from the system and disposed of. There are many methods of brine disposal,
including evaporation to harvest the salt and release of the brine into a saline envi-
ronment. The disposal of this brine could have significant implications for the sur-
rounding environment and the ultimate success of the system. Most of these issues
can be mitigated by careful management and research into management strategies
would be useful, however such research is beyond the scope of this project.
Finally economic aspects will have a significant impact on the viability of PV irri-
gation. The capital cost of the system must be offset by other benefits such as reduced
water use or reduced risk of yield lost due to soil salinisation. However, the precursor
to an accurate assessment of the financial viability of system in different locations is
an understanding of the system performance (flux and treatment) in different envi-
ronments.
These aspects were neglected in this research in favour of a more detailed focus on
the water transport across the membrane and through the soil. This understanding
should support future research in these other topics.
1.3 Aims and objectives
The aim of this research was to improve the understanding of the underlying pro-
cesses that affect the flux from PV irrigation tubes and to develop a predictive model
of the water flux from the system, thereby providing a tool to support future research
and field applications. Based on a review of the literature, previous observations from
field work and preliminary experimental results two hypotheses were formed:
1. The role of water vapour is important in the function of a PV irrigation system.
2. The interaction of water vapour with the surrounding soil media affects the
transport of water in the soil and hence the flux across the PV membrane into
soil.
Whilst the first hypothesis seems somewhat trivial the vapour phase was ne-
glected in previous work (Quiñones-Bolaños and Zhou, 2006). To investigate these
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hypotheses the research was divided into two components; experimental and mod-
elling work. The purpose of the experimental work was to observe and quantify the
water flux from the PV tube in controlled environmental and soil conditions. These
observations were then used to develop an understanding of the mechanisms that
affect PV irrigation. To carry out the experimental work a laboratory setup was de-
veloped to enable specific consideration of vapour flow through the soil. The experi-
mental objectives were to:
Investigate the significance of vapour flow. As the water desorbs from the PV
membrane and enters the soil in vapour phase it is important to consider how
this vapour then behaves in the soil environment. The experimental setup was
used to quantify the flux from the membrane when different conditions were
imposed at the interface between the soil and atmosphere. These conditions
were designed to alter the vapour flow through the soil.
Quantify the flux in different soil types. The experimental setup was used to inves-
tigate the behaviour of the PV system in five soil types. The different soil types
were chosen because they were expected to interact with the vapour phase in a
different manner. These differences occurred due to variations in the soil min-
eralogy, organic carbon content, surface area and salinity.
The purpose of the modelling work was to use the understanding of PV irrigation,
developed from the experimental results, to develop a predictive model of the flux
across the PV membrane. The objectives of the modelling work were to:
Couple a model of pervaporation with a model of soil water transport. The math-
ematical model of the membrane transport drew on understanding of the pro-
cess for other pervaporation applications. Flow through the soil was repre-
sented in both vapour and liquid phases.
Test the mathematical model by simulating experimental results. This process
tests both the conceptual model and the mathematical formulation of the
solution. If the model can reproduce the experimental results it can be used as
a tool to predict how the PV membrane might behave in other environmental
conditions.
1.4 Thesis outline
Although pervaporative irrigation is a new area of research, irrigation has been prac-
ticed for millennia and pervaporation for decades, and there is a wealth of scientific
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understanding of these topics. Chapter 2 contains a brief review of these fields to
provide a deeper understanding of the context for this research. In all irrigation sys-
tems the transport of water through the soil and the uptake of water by the plant are
crucial, thus the chapter also includes a review of these processes. In the penulti-
mate section the literature pertaining directly to PV irrigation is reviewed, drawing
on the understanding developed in other fields of research. Finally the chapter is
summarised.
In Chapter 3 the experimental methods used to quantify the flux from the PV ir-
rigation membrane are described. The results of these experiments are presented and
discussed. The method, results and discussion for further experiments performed in
different soil types are then presented. Throughout this work particular attention is
given to vapour flows from the membrane and through the soil to quantify the effect
that they have on the flux across membrane.
Chapter 4 details the development of a model to simulate the transport from the
pervaporative irrigation tube through the soil, considering flow in both the liquid
and vapour phases. The model results are compared to experimental data to confirm
that the conceptual understanding of the pervaporation process can be applied to
simulate flow in the soil.
In Chapter 5 the findings from both the experimental and modelling work is sum-
marised and the implications of the results of this work are discussed in a wider con-
text drawing on understanding from the literature review in Chapter 2. Possible im-
provements to the implementation of PV irrigation are highlighted. Future research
opportunities are then identified and the major conclusions from both experimental
and modelling work are emphasised.
Two appendices are included documenting particular parts of the project that
may be of use to anyone wishing to replicate or extend the work. The first appendix
details the development of the experimental design. This was non-trivial as little
previous research had been carried out into this area. This appendix includes: a
note on the reasoning behind the decision to conduct experiments at such a small
scale (relative to those at which irrigation is likely to occur); a review of methods
of packing soil columns; and a review of the capacitance probes that were used to
monitor soil moisture content. The second appendix relates to the development of
a mesh for the finite volume numerical method that was used in Chapter 4. The
results of numerical simulations that were conducted to consider the sensitivity of
the solution to the numerical grid are also given.

Chapter 2
Pervaporation and irrigation
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2.1 Introduction
The use of pervaporative (PV) membranes for irrigation is a relatively new idea. A
small body of research has been carried out both to investigate the efficacy of the
water treatment provided by such a system (Quiñones-Bolaños et al., 2005a,b) and to
predict the irrigation flux into soil from the system (Quiñones-Bolaños et al., 2005b;
Quiñones-Bolaños and Zhou, 2006). In addition, a patent (Tonkin et al., 2004) was
filed and the company DTI-group and later DuPont have carried out investigations
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into the performance of the system. However, beyond this, the technology is still in
its infancy and to develop a scientific understanding of the irrigation process it is
necessary to draw on knowledge from different fields of science.
The process of PV irrigation requires the transport of water across the membrane,
through the soil and into the plant. The system has been used in field trials in desert
conditions (e.g. in the United Arab Emirates), thus its behaviour in dry soil condi-
tions is of particular interest. This review therefore starts with three sections high-
lighting the relevant research in pervaporation, soil water transport and plant water
uptake and focuses on water flow in dry soil conditions and plant response to water
stress. Although plants are not considered in experimental and modelling work in
this thesis, the review of plant water uptake is included so that the functioning of the
irrigation system within the soil can be assessed in relation to current understanding
of plant water uptake from soil. To provide the wider context a further section is in-
cluded to discuss common irrigation practices. The final section draws these strands
together with a description of the understanding of the process of PV irrigation and
a review of the literature relating directly to this field.
2.2 Pervaporation
Pervaporation is a selective membrane transport process in which partial vaporisation
occurs to convert a liquid feed into a vapour permeate. The selectivity of the mem-
brane allows some of the feed components to cross whilst preventing or retarding the
transport of other components. Pervaporation has been used for the separation of
inorganic mixtures (Jonquieres et al., 2002) and has also been considered for wastew-
ater treatment (Lipnizki et al., 1999) and desalination (Korin et al., 1996; Korngold
et al., 1996).
The change in phase from liquid to vapour makes pervaporation distinct from
other membrane transport processes such as reverse osmosis and gas permeation, as
these processes occur entirely in liquid phase and vapour phase respectively. How-
ever a phase change also occurs during membrane distillation. In this section the
difference between pervaporation and membrane distillation is clarified by compar-
ing the conceptual understanding of both processes. Models that are used to quantify
pervaporation rate are then reviewed.
2.2.1 Conceptual understanding of pervaporation
To the non-specialist the common conceptual understanding of a selective membrane
is that of a porous one. Such membranes are considered to have a number of channels
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Figure 2.1: Diagrams of a) porous membrane transport, b) membrane distillation and
c) pervaporation
or pores that traverse the membrane (Figure 2.1a). Whilst small molecules can enter
these pores, large molecules cannot and are thus selectively retained by the mem-
brane (Baker, 2004, p.15). Flow through these pores can be considered as laminar
and modelled as a diffusive or convective process.
Membrane distillation uses porous membranes that are not wetted by the pro-
cess liquid, in the case of an aqueous solution the membrane would therefore be
hydrophobic. Although the pore diameter is larger than the mean free path of the
molecules the hydrophobicity of the membrane and the surface tension of the liquid
prevent the feed liquid from entering the pores (Figure 2.1b). This is an example of
the phenomenon of capillarity. Provided the feed pressure is not great enough so as to
exert a force that overcomes the surface tension, transport through the pores can only
occur in vapour phase (Lawson and Lloyd, 1997). If the feed pressure is increased,
water will fill the pores and liquid flow will occur across the membrane.
In the case of pervaporation the selective membrane is non-porous, thus the con-
ceptual understanding described above does not apply. Instead the permeate is trans-
ported through the dense matrix of the membrane (Figure 2.1c, Vrentas and Vrentas,
2002). Molecular vibrations cause transient gaps to open up in the membrane (Feng
and Huang, 1997), hence over time the molecules can move from gap to gap across
the membrane. Thus the process of pervaporation is distinct from membrane distilla-
tion because transport occurs through the dense polymer matrix rather than through
a connected channel of pores.
Pervaporation is often considered conceptually in three stages (Mulder, 1996,
p325):
1. Adsorption of permeate molecules into the membrane
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2. Diffusion across the membrane due to a chemical potential gradient
3. Desorption of molecules at the outer surface in vapour phase
During operation of commercial pervaporation systems this gradient is maintained
by controlling the conditions at the downstream surface of the membrane, either by
applying a partial vacuum or by sweeping gas across the surface (Shao and Huang,
2007). Both of these processes remove permeate molecules away from the membrane
and maintain a desired partial vapour pressure at the membrane surface. The selec-
tivity of the membrane occurs for two reasons; the preferential adsorption of a feed
component into the membrane or the preferential diffusion of a component across
the membrane (Valentínyi et al., 2012). The membrane used in this study is designed
to desalinate water. It is hydrophilic, thus its affinity for water leads to preferen-
tial sorption of this component. The hydrophilicity also means that water molecules
can only desorb from the membrane at the external edge in vapour phase. Thus this
transport process is, by definition, pervaporation.
As permeate molecules are adsorbed into the membrane the structures of
molecules that make up the membrane are deformed. This causes the membrane
to swell and is often referred to as membrane plasticisation. Shao and Huang (2007)
refer to an investigation in which the water content in a membrane reached 60-80
wt.%. They note that, at this high water content, it is almost as if the water were a
solvent rather than solute in the polymer matrix and the structural integrity of the
membrane in such conditions is often only maintained by strong cross-linking bonds.
It is therefore possible that the membrane behaviour will change significantly as wa-
ter is adsorbed into the membrane because the chemical and physical properties of
the membrane may change. Korngold and Korin (1993) noted that for the pervapora-
tion membrane they were studying a significant increase in swelling occurred when
the humidity at the downstream side of the membrane was increased from 80% to
100%.
An interesting study by Cabasso and Liu (1985) using a feed liquid composed of
water and isopropanol in varying proportions showed that maximum swelling oc-
curred at a water content of approximately 50%. They suggested that this occurred
because the molecules of the two feed components were adsorbed into different sub-
structures within the membrane. Thus the maximum swelling occurred when both of
these structures were adsorbing molecules, i.e. when both components were present
in equal amounts. This example highlights the significance of the chemical interac-
tion between the membrane and the permeate during pervaporation. In this case the
pathways for transport of the two components across the membrane are different be-
cause of these interactions hence the flux of the components will also be affected by
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the chemistry.
Pervaporation is normally used to separate a minority component from the feed
liquid. This is primarily to minimise the energy required for the process, as the phase
change that occurs requires energy, even if this energy is not directly supplied by the
user. This is also because the flux rate from a pervaporation system is smaller than
that of other comparable membrane transport processes (Neel, 1995). Coupled trans-
port of other components of the feed liquid can also become a concern if fluxes are
high. These coupled affects can occur either due to a change in the sorption into or
diffusion across the membrane. As the sorption occurs due to chemical interaction
with the membrane, changes made to the chemistry of the feed solution by increas-
ing the concentration of the permeate component can also bring about changes in the
sorption of both components. Thus the separation efficiency may be reduced. Dif-
fusion across the membrane may be affected by the concentration of the feed liquid.
For example in a hydrophilic membrane an increase in water concentration of the
feed liquid will result in increased membrane swelling. This increases the free vol-
ume within the membrane structure and thus is likely to increase the diffusion of all
components.
2.2.2 Models of pervaporation
Models of the process of pervaporation exist for two purposes; membrane develop-
ment and process design. When used for the former application detailed models of
the chemical interactions between the polymer and permeate are required so that the
effect of changes in the chemical properties of the polymer can be predicted. Pro-
cess design models are required to predict the mass transfer rate across the same
membrane under different operating conditions. As such they can use an empirical
approach. These models are reviewed here.
Models of pervaporation for the purpose of process design are based on one of
two approaches; the solution diffusion model and the pore flow model. The former is
based on the three conceptual steps discussed in section 2.2.1 whereas the latter as-
sumes that transport occurs through a number of micro-pores (Okada and Matsuura,
1991). Although the pore flow model does not represent the physical understand-
ing of the process of pervaporation it has been used to attempt to explain the phase
change that occurs during pervaporation (Shieh and Huang, 1998). Others believe
that pervaporation, at least in some membranes, occurs due to a fine porous structure
(Sukitpaneenit et al., 2010).
The conceptualisation of the solution-diffusion model is sometimes expanded into
five steps to include the boundary effects at both interfaces (Dutta et al., 1997). The
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stages of pervaporation can then be written as:
1. Diffusion from the bulk permeate fluid to the membrane interface
2. Adsorption of permeate molecules into the membrane
3. Diffusion across the membrane
4. Desorption of molecules at the outer surface in vapour phase
5. Transport of molecules from the outer surface to the bulk vapour phase
Models that include boundary effects therefore implement a more accurate estimation
of the permeate concentration at both of the membrane surfaces.
One derivation of the solution-diffusion model (as described by Paul, 2004) begins
with Fick’s Law for diffusion, neglecting convective flow:
qi =  DiMi
dcmi
dL
(2.1)
where qi (kg m 2 s 1) is the mass flux of permeate i across the membrane,D (m2 s 1) is
the diffusion coefficient, M (kg mol 1) is the molar mass, cm (mol m 3) is the concen-
tration in the membrane, and L (m) is the distance across the membrane. Assuming
the membrane-solvent mixture is thermodynamically ideal, the chemical potential
and concentrations within the membrane are related by:
i = 0;i +RT ln
 
Mi
i
ci
!
(2.2)
where  (kg m2 s 2 mol 1) is the chemical potential, o (m2kg s 2 mol 1) is the chemi-
cal potential at a reference state, R (m2kg s 2 mol 1K 1) is the universal gas constant,
and T (K) is the temperature. Differentiating this expression and substituting this
into Equation 2.1 using the chain rule implies:
qi =  DiMiciRT
di
dL
(2.3)
For a PV process this model can be solved using two approaches (Figure 2.2);
firstly by considering the phase change of the water from liquid to vapour at the
permeate side of the membrane (Côté and Lipski, 1988) and secondly by consider-
ing this phase change on the feed side so that the water is in vapour form before it
reaches the membrane (Wijmans and Baker, 1993, 1995). Note that the second of
these approaches is entirely conceptual and is used as a modelling tool. In the first
case the chemical potential at each interface is calculated from the liquid concentra-
tion. Whilst the feed concentration can be measured it is difficult to define the liquid
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Figure 2.2: Diagram of conceptual representations of pervaporation. Figure repro-
duced from Wijmans and Baker (1993).
concentration at the external edge of the membrane. Côté and Lipski (1988) assume
that the concentration at the external edge is negligible compared to that in the feed,
thus the concentration at the permeate edge of the membrane is approximately zero.
When this assumption cannot be applied it is often easier to apply the second ap-
proach in which the chemical potential gradient is calculated using the difference in
the partial vapour pressure. The partial vapour pressure at the permeate edge can
be measured directly and the conceptual ‘vapour’ at the feed is assumed to be in
equilibrium with the liquid phase, following:
qi = Pi
4pi
4L (2.4)
where Pi (s) is a pervaporation coefficient for component i and pi (m 1kg s 2) is the
partial pressure of component i.
To simulate the flux rate the pervaporation coefficient is estimated empirically.
The difficultly in identifying this model parameter is that it varies with temperature
and the permeate concentration. As the concentration in the membrane depends
on the membrane swelling (Lipnizki and Trägårdh, 2001), the pervaporation coeffi-
cient therefore also depends on the operational conditions at the permeate edge of
2.2. Pervaporation 16
the membrane (Korngold and Korin, 1993). The effect of changes in temperature
are often taken into account using an Arrhenius type of relationship (Lipnizki and
Trägårdh, 2001),
Pi(T ) = Pi(T0)exp
"
 ei
R
 
1
T0
  1
T
!#
(2.5)
where e (kg m2 s 2 mol 1) is the required activation energy and T0 (K) is the tempera-
ture at which empirical observations of the pervaporation coefficent are made. Valen-
tínyi et al. (2012) take into account the variation in the diffusion coefficient with water
concentration using an exponential function. They demonstrate that inclusion of this
variation significantly improves the simulation of flux in experiments with high water
concentration during separation of isobutanol, ethanol and n-butanol from water.
Côté and Lipski (1988) developed the solution-diffusion model into the ‘resis-
tance in series’ model of pervaporation. Using this method, rather than defining a
permeation coefficient, a resistance () to mass transfer is estimated ( = 1=P ). This
resistance is estimated by assuming a number of resistances in series with each other.
For example the resistance of the steps in the pervaporation process can be defined as;
b, the effect of a concentration boundary layer (i.e. in the region between the bulk
feed liquid and the liquid adjacent to the membrane surface), s, the resistance to
sorption into the membrane, and d , the resistance to diffusion across the membrane.
The effective pervaporation coefficient is defined as:
Ptotal =
1
b +s +d
(2.6)
The potential gradient driving the PV flux is then calculated based on the conditions
in the bulk feed liquid and the bulk vapour permeate. As each of these resistances
varies with conditions Côté and Lipski (1988) assume that they vary with permeate
concentration), the model can then simulate the effect of limiting factors in different
operating conditions. This approach can also be used to include the resistance of
other layers of material that might be added to the membrane to give it structural
strength.
One short-coming of the solution-diffusion model is the that the location of the
phase change in the membrane is not considered. To solve the solution diffusion
model the phase change is assumed to occur at one edge of the membrane. One
advantage of the pore flow model is that the location of the phase change can be
explicitly represented (Okada and Matsuura, 1991). Thus, in the pore flow model,
flow through the membrane is assumed to occur in liquid phase until a specific depth
and in vapour phase after this point. Assuming that the flux rate is continuous in
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both phases the location of the phase change can then be determined as a function of
the operating conditions.
Sukitpaneenit et al. (2010) included Knudsen diffusion in the pore-flow model
and demonstrated that this provided an improved simulation of their experimental
results. They also found evidence to suggest that pore flow may occur in the mem-
brane they were studying and suggested that two types of pervaporation membrane
(porous and non-porous) might co-exist.
Shieh and Huang (1998) combined the conceptualisation of the solution-diffusion
model with the assumption that the change in phase occurs within the membrane to
create the pseudophase-change solution-diffusion model. For a single phase system
the pseudo-phase change model can be written as:
qi =
B1
4L (p1   p0) +
B2
4L ((p0)
2   (p2)2) (2.7)
where p1 (kg m 1s 2) is the partial pressure of component i in the feed liquid, p0
(kg m 1s 2) is the partial pressure at the liquid vapour interface, p2 (kg m 1s 2) is
the partial pressure at the outer edge of the membrane and B1 (s) and B2 (kg 1 m s3)
are empirical parameters. The two empirical parameters have dependencies on the
conditions similar to the pervaporation coefficient, P .
Shieh and Huang (1998) used the pseudophase-change model to estimate the lo-
cation of the phase change within the membrane. For a feed pressure equal to atmo-
spheric pressure their model suggested that transport across the membrane occurred
primarily in vapour phase in most conditions. However, when the conditions at the
permeate edge of the membrane approached the saturated vapour pressure the thick-
ness of the liquid layer rapidly increased, reaching the full thickness of the membrane
when the saturated vapour pressure was applied.
Sumesh and Bhattacharya (2006) also developed the solution-diffusion model fur-
ther, with the aim of representing a phase change location within the membrane.
They assumed that the phase change occurs at a specific depth within the membrane,
hence the flow occurs first in liquid phase and then as a vapour. They equated the
flow in the liquid and vapour layers so as to solve for the location of the phase change.
Again, the assumption that the phase change occurs at a specific location is a mod-
elling tool rather than a representation of the physical processes occurring in the
membrane. They used their model to consider the location of the vapourisation front
within the membrane, observing that it shifts as a function of the downstream con-
ditions. When the applied downstream pressure approached the saturated vapour
pressure of the feed solution in equilibrium with air (i.e. the driving gradient for
pervaporation was small) the vapour transport zone disappeared. Transport across
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the membrane would therefore occur entirely in the liquid phase. They simulated
experiments in which they applied a partial vacuum downstream of the membrane.
They predicted that transport would occur entirely in liquid phase if the applied
downstream vapour pressure was greater than 70% of the saturated vapour pressure.
However they also noted that operating conditions above a saturated vapour pressure
of 70% were of little commercial interest due to concurrent low flux rate.
Kuhn et al. (2009) point out that, although temperature gradients are inherent
to the pervaporation process, they are normally not included in models of pervapo-
ration. They used a coupled heat and mass transport model and non-equilibrium
thermodynamics to improve the representation of transport across the membrane.
Non-equilibrium thermodynamics assumes that the system remains at local equi-
librium rather than global equilibrium. Thus the assumption that the temperature
and chemical potential are continuous across the membrane was abandoned. They
developed an expression for the pervaporation and heat fluxes as a function of the
enthalpy and temperature differences across the membrane. By solving these cou-
pled equations they showed that, using this method, the chemical potential across
the membrane is not continuous at the interfaces between the membrane and the
fluid at either surface (Figure 2.3). In contrast, when the solution-diffusion model is
solved using Equation 2.4, the assumption that chemical potential is continuous at
these interfaces is imposed.
One further short-coming of the solution-diffusion model is that it does not accu-
rately represent coupled flux of contaminant molecules across the membrane. Modi-
fications to address the representation of coupled transport are not reviewed here as,
for this research project, de-ionised water is used throughout the experimental work.
As the research in this thesis aims to quantify the flux across a PV membrane,
this review was conducted to consider the models that are used to quantify the flux
across PV membranes in commercial pervaporation systems. Most of the models used
for process design are based on the solution-diffusion model. One modification in-
cludes the effects of temperature gradients on the pervaporation process (Kuhn et al.,
2009). However, the solution-diffusion model is most appropriate when the chemical
potential gradient across the membrane is large and consequently transport across
the membrane can be considered predominantly as a liquid flux. Modifications to
the solution-diffusion model have been made to represent the phase change within
the membrane and the membrane swelling (Shieh and Huang, 1998; Sumesh and
Bhattacharya, 2006), factors which become important particularly when the driving
gradient for pervaporation is smaller and the resulting flux across the membrane is
lower. However, as most commercial systems operate with large applied chemical
potential gradients, models of the pervaporation process under small driving forces
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Figure 2.3: Simulated activity gradient across the membrane in the solution-diffusion
model and the non-equilibrium thermodynamics model of Kuhn et al. (2009). Ver-
tical dotted lines indicate the membrane interfaces. Figure reproduced from Kuhn
et al. (2009).
have not been considered extensively.
2.3 Water flow in soils
Water can flow through the soil in either liquid or vapour phase. When the soil is
saturated with water there is liquid connectivity and bulk liquid flow will occur when
there is a driving force such as a spatial gradient in matric pressure (Warrick, 2003,
p54). In unsaturated conditions the soil pores are filled with a mixture of liquid and
gas, commonly water and air and, as the soil dries, at some point liquid connectivity
will break down. Without connectivity of the liquid phase water transport in the
vapour phase becomes significant (Ruiz and Benet, 2001). During the drying process
conditions may also occur in which mass transport of water is significant in both
phases.
Often vapour flows are neglected in models of water flow in soils because mass
transfer of water via the vapour phase is negligible compared to that in the liquid
phase. In this research the interest in vapour flow stems from the fact that the PV
membrane supplies water in vapour phase. Also the system is intended for use in dry
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soil conditions (e.g. deserts) in which the breakdown of liquid connectivity, which
will prevent bulk liquid flow, is likely to occur.
In this section the understanding of water retention in unsaturated soils is re-
viewed. This is done in an attempt to identify the soil moisture conditions in which
vapour flows are likely to be significant and when they can be neglected. The re-
lationship between the soil moisture content and the driving forces for liquid and
vapour flow (i.e. matric pressure and partial vapour pressure) are also considered.
Standard methods for modelling liquid and vapour flows are then reviewed along
with improvements that have been suggested for these models.
2.3.1 Soil moisture retention in unsaturated soils
2.3.1.1 Theory of soil moisture retention
Liquid water retained within the unsaturated zone is held against the force of gravity.
From Newton’s second law of motion it can therefore be surmised that another force,
or other forces, must act to prevent the water draining from the soil. These forces oc-
cur due to the interactions between molecules at short range (Rowlinson and Widom,
1982) and are of particular interest at the interface between phases, where the inter-
actions between molecules are not balanced on all sides. Since unsaturated soil is a
three-phase system containing liquid, gaseous and solid phases, it is the molecular
interactions at the boundaries between these phases that provide the bulk forces that
retain water in unsaturated soil.
Capillarity is a physical process that retains a significant proportion of the water
in the unsaturated zone. It occurs because of forces of attraction between molecules
at the liquid-vapour-solid surface. If contained within a glass vessel under the force
of gravity alone, a horizontal liquid surface would form. However, when the liquid
intersects the vertical edges of the vessel, an interaction between the liquid and solid
molecules occurs and causes the liquid surface to become distorted. Thus the surface
at this point is no longer horizontal and a component of the surface tension force acts
in the vertical plane. In a narrow vessel the distortion caused by the interaction of the
liquid surface at multiple solid interfaces may overlap and can cause water to be held
against the force of gravity (Rose, 2004, p72). This can be demonstrated by placing
a narrow tube into a larger vessel of water (Figure 2.4a). Whilst the pressure at the
surface of the water in the larger vessel is equal to atmospheric pressure the pressure
within the narrow tube is lower, reaching a minimum value at height y, just below
a film of molecules at the surface of the water in which surface tension occurs. The
value of this minimum pressure can be calculated by considering the weight of the
column of water held below it, as the system is in equilibrium so the net force must be
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Figure 2.4: Capillarity in a) a narrow tube b) a tube with an irregular geometry during
drying and wetting.
zero. In soils this pressure is often expressed in terms of the matric potential, which
is a negative value in units of meters head of water. The matric potential describes
the combined effects of adsorption and capillarity on the free energy of soil water
(White, 2006, p110). In Figure 2.4a the matric potential at the top of the column of
water within the tube is given by  m =  y.
As soils contain many small gaps between particles, capillarity occurs in a similar
manner as in a narrow tube. Conceptually soils are often considered as a series of
narrow tubes of different diameters. Wide tubes represent larger soil pores that will
release water at a high matric potential (i.e. a small negative value), whereas narrower
tubes represent smaller soil pores that will retain water at a low matric potential
(i.e. a large negative value). Thus these tubes represent the behaviour of pores of
different sizes within the soil. However, as the pores within the soil do not have
a regular tubular geometry, this conceptuallisation neglects the possible hysteresis
that can occur due to capillarity. This hysteresis can be demonstrated by considering
a tube with a less regular shape as shown in Figure 2.4b. During soil wetting the
moisture in the soil would be lower than during drying, as the changes in geometry
would prevent the liquid surface moving to the higher position.
Water is also retained in the soil by forces between liquid and solid particles at
the surface of the solid. These adsorbed water molecules are held close to the solid
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surface by strong short range forces (e.g. van der Waals and hydration forces) and in
the slightly longer range electrostatic forces (Tuller et al., 1999). Molecules are only
affected by these forces if they are within the first few layers of molecules adjacent
to the solid particles. Thus the adsorbed water content is strongly correlated to the
surface area of solids in the soil and hence the particle size (Bachmann and van der
Ploeg, 2002). Adsorption is therefore particularly significant in soils with a high clay
content. However the adsorbed water is also affected by the density of charges and
polar groups on the soil particles. Thus, the mineralogy of the soil can also signifi-
cantly affect the adsorption properties (Verhoef et al., 2006). Hysteresis can also occur
for the adsorptive component of the soil water content. This occurs due to the surface
roughness of the solids which affects the contact angle as these thin liquid films form
on the solid surfaces (Bachmann and van der Ploeg, 2002).
Churaev (2000, p29) uses a different definition of ‘adsorptive forces’ which only
applies when individual molecules of water bind to the surface of the solid particles
in very dry conditions (by van der Waals forces). He uses a further category of a
wetting film in which longer range forces between molecules are more significant.
These longer range forces are dispersive, electrostatic and structural. Churaev (2000,
p31) suggests that the effects of each of these forces is additive thus the thickness
of the wetting film can be quantified by summation, after considering the physics
of each of these forces and the characteristics of the liquid and solid particles. The
thickness of these water films is around 0.8-1.0nm (Churaev, 2000; Bachmann and
van der Ploeg, 2002).
In an alternative approach, Ruiz and Benet (2001) (building on the work of Dra-
cos (1991) and Mayne et al. (1991)) partition the water content in the soil into three
categories:
1. The hygroscopic domain (g < 6%); in which the liquid interacts with the solid
particles, sorbing to the surfaces in layers. At these low water contents the
equilibrium partial vapour pressure is significantly lower than the saturated
vapour pressure at the same temperature.
2. The pendular domain (6% < g < 13%) in which capillary effects dominate and
connectivity is not established between islets of liquid water held in the soil
matrix. In this range the equilibrium vapour pressure is close to the saturated
vapour pressure.
3. The funicular domain (g > 13%) in which the liquid phase is continuous and
can flow, while the gas phase is trapped in the form of bubbles.
where g (kg/kg) is the gravimetric water content of the soil.
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Whilst Churaev (2000) categorises the water content based on the physics of the
forces retaining the water in the soil, the categorisation of Ruiz and Benet (2001)
considers the types of flow that might occur in different ranges of soil moisture con-
tent. Their categorisation corresponds to three flow domains; vapour and film flows
(hygroscopic), liquid (funicular) and a mixture of the two mechanisms (pendular).
Although Ruiz and Benet suggest possible water contents for the different domains
these will in fact vary from soil to soil. As discussed above, the adsorbed water con-
tent varies depending on the physical and chemical properties of the soil and the
capillarity of the soil will be affected by similar factors. Thus the transition to differ-
ent flow regimes must be considered for individual soils.
2.3.1.2 Measurement of soil moisture retention
The standard method to determine the water content of a soil sample is the gravimet-
ric method (Gardner, 1986). In this method the wet mass of the sample is recorded
and the sample is dried in an oven at 105oC for 24hrs. The dry mass of the sample
is then measured. The gravimetric water content of the soil can then be determined
from:
g =
Mwet  Mdry
Mdry (2.8)
where g (kg/kg) is the gravimetric water content, Mwet (kg) is the wet mass of the
sample andMdry (kg) is the dry mass of the sample. The volumetric water content of
the soil can then be calculated by accounting for the dry bulk density of the soil and
the water:
 =
s
w
g (2.9)
where  (m3/m3) is the volumetric water content, s (kg/m3) is the dry bulk density
of the soil and w is the density of water. The disadvantage of the gravimetric method
is that it is destructive, since the soil sample must be removed from its surroundings
for testing. There are several indirect methods for inferring the soil moisture content
including the use of dielectric probes. Using these probes the permittivity of the soil-
water mixture is monitored. As the permittivity of water is much higher than that
of the soil particles an increase in the water content increases the permittivity of the
mixture thus the permittivity can be correlated to water content (Jones et al., 2005).
The advantage of these techniques is that they are relatively inexpensive. However,
the permittivity of soil-water mixture also varies with temperature (Saito et al., 2009)
and salt concentration so these effects must be considered when interpreting results.
In this research capacitance probes are used to monitor the permittivity of the soil.
These probes are reviewed in more detail in Appendix A.5.
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When modelling the retention of water in the soil it is useful to quantify the ma-
tric potential at which different volumes of water can be retained. The simplest way
to measure the relationship between water content and matric potential experimen-
tally is to place a soil sample on a porous plate and apply a suction pressure to the
sample using a hanging column of water (Haines, 1930). This method can be used
for matric potentials up to about -3m as it is difficult to implement long columns of
water, another limitation is that in longer water columns cavitation is more likely to
occur, causing the column to break down. A suction pressure can also be applied to
the sample using a more sophisticated setup and a vacuum pump (Klute, 1986).
Whilst the application of a suction pressure to the sample is useful when the wa-
ter is retained primarily by capillarity in dry conditions dominated by adsorptive
forces, methods in which moisture is removed from the soil in vapour phase are use-
ful because the vapour phase provides connectivity throughout the soil. In these
situations it is useful to define the relationship between the soil water content and
the partial pressure of water vapour. The liquid-vapour equilibrium within a porous
medium is useful in other fields, notably the food industry (Campbell, 2008) and
building materials (Hall and Hoff, 2002), as it indicates the adsorption that can occur
in humid conditions. To characterise the adsorption of moisture into food or building
materials, sorption isotherms for each product are determined experimentally. More
recently such methods have also been applied to determine the sorption isotherms
for soil (Lozano et al., 2008, 2009; Dexter and Richard, 2009).
The simplest method to determine these isotherms is to contain an oven dried
sample of the medium in a constant humidity environment (e.g. a desiccator main-
tained at a particular humidity by a saturated salt solution) and observe the change
in mass. Dexter and Richard (2009) compare methods of determining this isotherm
using salt solutions to vary the relative humidity or using variations in temperature.
They suggest that the temperature based method may be more accurate due to limi-
tations in the methods using salt solutions discussed by Palmer Jr et al. (1987). These
limitations include the need to disturb the equilibrium of the system to take mea-
surements and the dependence of the salt solution equilibrium condition on other
factors such as carbon dioxide concentration. As the time required for some samples
to reach equilibrium with salt solutions can be significant, dynamic methods have
also been developed. In these methods a flow of humidified air through the sample
is maintained. As transport from the ambient conditions is no longer limited by the
rate of diffusion, the time to equilibrium is reduced. Teoh et al. (2001) compared
this dynamic method to the use of salt solutions, concluding that the reduced time
requirement of the dynamic method allowed a more complete isotherm to be gener-
ated.
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Purpose built instrumentation to determine isotherms based on dynamic meth-
ods has also been developed commercially. Decagon Devices have developed the Va-
por Sorption Analyser (VSA) (Campbell, 2008) which applies moist and dry air flows
through a sample and estimates the isotherm and the hysteresis of wetting and dry-
ing processes in as little as 24hrs. Tada and Watanabe (2005) suggested that a time
series of the mass accumulation of a sample held in a constant humidity environ-
ment for a short period of time could be extrapolated to give the equilibrium water
content. To do this they developed a model of the mass accumulation of the sample.
This model is based on the diffusion of water vapour into the sample but is developed
so that three lumped parameters are required to characterise the mass uptake of the
sample. These three parameters are fitted to the experimental time series and ex-
trapolated to give the equilibrium mass. The possibility of non-equilibrium between
the liquid and vapour phases is not explicitly considered in this approach although if
non-equilibrium does occur its effects may be implicitly included in the fitted lumped
parameters.
2.3.1.3 Modelling soil moisture retention
Moisture retention is generally modelled by fitting an empirical relationship, such
as those in Table 2.1 to experimental data. If no data are available it is also possi-
ble to use other characteristic of the soil (e.g. particle size, organic carbon content)
to approximate the parameters using a pedotransfer function (Schaap et al., 2001;
Givi et al., 2004). Of the relationships in Table 2.1, the van Genuchten (VG) and
Brooks and Corey (BC) models are most commonly used. Whilst these models are
well suited to the wetter soil contents in dry soil conditions they are limited by the
use of a ’residual water content’ parameter (r ), which provides a lower limit for the
simulated water content. Often this parameter is defined purely to fit the data how-
ever it has also been speculated that r represents the water content at which water is
no longer held by capillary forces but by adsorptive forces only (Lebeau and Konrad,
2010). Thus the VG and BC models cannot simulate the reduction in water content
at low matric potentials when the water is held primarily by adsorption. The model
of Campbell (1974) avoids this problem to some extent as it is equivalent to the VG
model with r = 0 but at a cost to the model fit.
More recently a number of models have been proposed to improve the simulation
of water content at low matric potentials either by using an extension to an existing
function (Webb, 2000; Khlosi et al., 2006), or by defining new functions to simulate
the whole domain (Rossi and Nimmo, 1994; Groenevelt and Grant, 2004). Khlosi
et al. (2008) compared eight such models using data for a set of 137 soils. They chose
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to use the root mean square error, adjusted to account for the number of parameters
in each model, as a performance measure to compare the models. Unfortunately this
performance measure is biased towards the wetter water contents whilst the main
focus of the models is to represent the dry conditions. Also data below -1500kPa was
only available for some soils. Data to quantify the relationship in these dry, absorptive
conditions is often limited.
In such dry soil conditions wherein the water is retained by adsorption alone,
some liquid connectivity may occur between liquid films but vapour flow will be-
come significant (Ruiz and Benet, 2001). Models that simulate the mass transport of
water though soils in these conditions should therefore also include vapour flow. To
represent the relationship between the relative humidity and the soil moisture con-
tent the data calculated using vapour sorption methods can be fitted to a model of
the adsorption. Generally a BET isotherm, named after S. Brunauer, P. Emmett, and
E. Teller (Daintith, 2008, p67) provides a good representation of the adsorbed wa-
ter up to a humidity of 30% (Lowell et al., 2004, p67). BET isotherms are described
mathematically by:
 =
vmcBET h
(1  h)(1 + (cBET   1)h) (2.10)
where vm (m3/m3) is the monolayer adsorption capacity, h (-) is the relative humidity
expressed as a fraction, and cBET = exp(H=RT ) and H (kg m2 s 2) is the difference
in enthalpy between the adsorbed monolayer and the subsequent layers. The pa-
rameters vm and cBET are determined by fitting the model to experimental data. An
example of the shape of a BET isotherm is shown in Figure 2.5. The first inflection
point is used to infer the monolayer capacity which is a parameter in the model. This
value can then be used to approximate the surface area of the medium.
BET isotherms provide a mathematical expression that relates the soil moisture
content to the equilibrium relative humidity, however it is also useful to relate the
relative humidity to the matric potential within the soil. Assuming equilibrium be-
tween the liquid and vapour phases the relative humidity within the soil pores can
be defined as (Phillip and de Vries, 1957):
p
psat
=

sat
= h = psat exp
Mwg m
RT

(2.11)
where p is the partial vapour pressure of water vapour at equilibrium with the liquid
water content, psat(T ) is the saturated water vapour pressure at temperature T ,  is
the density of water vapour at equilibrium with the liquid water content, sat(T ) is
the saturated water vapour density at temperature T , Mw is the molar mass of water,
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Figure 2.5: Example of a BET sorption isotherm
g (m s 2) is acceleration due to gravity, and  m is the pressure head in the soil. This
equation can be derived simply from the principles of hydrostatics by assuming that
the gaseous phase behaves as an ideal gas (Galvin, 2005) or using a thermodynamic
approach (Annamalai et al., 2011, p419-422).
This equation used in conjunction with the models in Table 2.1 essentially de-
fines the sorption isotherm for the soil. As such it is important to consider how the
empirical parametric relationships generally used to simulate soil moisture retention
(e.g. those in Table 2.1) affect the simulation of partial vapour pressure within the
soil pores. However, often this is not taken into account during the parameterisation
of soil water retention models, even when these models are specifically used to simu-
late vapour flows in dry conditions. The dangers of extrapolating soil water retention
models are demonstrated in Figure 2.6. The parameters for these models were op-
timised for the data shown using the MATLAB function fminsearch to minimise the
root mean square (RMS) error.
The use of residual water contents (BC and VG models) in these simulations leads
to nonsensical isotherms (2.6) in which no change in water content occurs at any rel-
ative humidity and below the residual moisture content water cannot be removed
from the soil in any conditions. This in no way resembles the expected shape of
the isotherm that might be predicted by the BET expression (Figure 2.5). Whilst
the Campbell model does reach a value close to zero the humidity change occurs al-
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most as a step, failing to represent isotherms that are observed experimentally. The
Rossi and Nimmo (RN) and Webb models have been developed to better represent
the water retention in dry conditions. This addresses the notable limitation of the
VG and BC models which cannot simulate water contents below a residual content.
It has been suggested that this residual content represents the largest water content
at which water is held primarily by adsorption rather than capillarity (Lebeau and
Konrad, 2010). It has also been suggested that the residual water content represents
the water content below which no liquid flow occurs through the soil (Prunty, 2003).
However this value is often used as a fitting parameter and is not determined with
these physical and hydraulic properties in mind. In the VG and BC models this water
content cannot be removed even at highly negative matric potentials. The Campbell
model avoids this issue as essentially it is identical to the VG relationship with r = 0.
The RN and Webb models instead provide relationships that fit data for the full range
of water content. When more data is available at these low matric potentials, as in
Figure 2.6, the simulation of the isotherms is improved in all of the models. Clearly
if the model of Phillip and de Vries (1957) (Equation 2.11) is used to determine the
equilbrium between liquid and vapour phases in dry soils, care must be taken when
choosing a model of water retention. The RMS error for each of the models is also in
Table 2.2. As both the VG and Webb models use the same parameters in the wet re-
gion of the soil and all the available data is within this range, the RMS is the same for
both models. If this was also the case for the data used to compare models in Khlosi
et al. (2008) the comparison they made would essentially compare the effectiveness
of the models in the wet range rather than the dry range for which these models had
been specifically tuned.
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Figure 2.6: Plots of the soil moisture retention function (a,c and e) and associated
sorption isotherm (b, d and f) simulated using the four models detailed in Table 2.1.
Results are shown for three soil types; No. 2 Sand (a,b), Weld Silty Clay Loam (c,d)
and Sarpy Loam (e,f). The Campbell model is shown only when the results are dif-
ferent from the Brooks and Corey model. Optimised parameter values are shown in
Table 2.2. The data for all soil types is taken from van Genuchten and Nielsen (1985)
and it is assumed that the temperature was 25oC.
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2.3.2 Liquid water flow in soils
In saturated soil flow is often modelled using Darcy’s Law. For one-dimensional ver-
tical flow this can be written:
q =  Ks
 
d m
dz
+ 1
!
(2.12)
where q (kg m 2 s 1) is the mass flux, Ks (m s 1) is the saturated hydraulic conduc-
tivity,  m (m) is the matric potential, and z (m) is depth. The liquid is considered
incompressible. The saturated hydraulic conductivity of the soil is a bulk parameter,
the inverse of which represents the resistance to flow through the soil. This parameter
can be determined experimentally at lab scale (Klute, 1986) or obtained by calibration
using field data.
In unsaturated conditions the mass of water retained in the soil can vary. This
affects the connectivity of the water in the pores and hence the resistance to flow and
the hydraulic conductivity. To account for the changes in mass of water stored in the
soil, Richards used a mass balance approach to develop (White, 2006, p117):
@
@t
=
@
@z
"
K
 
@ m
@z
+ 1
!#
(2.13)
where K (ms 1) is the unsaturated hydraulic conductivity which decreases with de-
creasing water content because liquid connectivity reduces. The unsaturated hy-
draulic conductivity is often modelled using a mathematical relationship such as can
be derived using the approach of (Mualem, 1976) combined with the VG model for
water retention:
K(Se) = Ks  Se  [1  (1  Sen=(n 1))1 1=n]2 (2.14)
where the effective saturation Se is given by:
Se =
  r
s  r (2.15)
ans  (-) is an empirical parameter.
The Mualem model of unsaturated hydraulic conductivity is based on a simplified
model of the soil pores as a bundle of capillaries of various radii through which flow
can occur. However this model has been shown to underestimate the hydraulic con-
ductivity in dry soil conditions because it does not consider flow in thin liquid films
(Tuller and Or, 2001). Recently models have been proposed to extend the Mualem
model to take account of these flows (Lebeau and Konrad, 2010; Zhang, 2011). These
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models start from an analytical solution of the Navier-Stokes equations for a thin liq-
uid film on an infinite surface. This expression is adapted to attempt to describe the
surfaces within the soil on which film flow might occur. These models provide a more
accurate representation of the hydraulic conductivity in dry soil conditions.
2.3.3 Water vapour flow in soils
Water vapour flow in soils can occur by advection and diffusion. Advective flows
can occur due to temperature changes that result in changes in the pressure and lead
to bulk movement of air through the soil pores, carrying water vapour with it. Dif-
fusive flows arise due to variations in the partial pressure of water vapour with the
soil pores. Such partial pressure differences can be caused by temperature gradients,
solute gradients and liquid water content gradients within the soil.
Models of vapour flow can be divided into two categories; equilibrium and non-
equilibrium models. Equlibrium models use the assumption that the liquid and
vapour phases remain in equilibrium continuously to define the rate of evaporation
or condensation within the soil pores. In non-equilibrium models this assumption is
relaxed and the rate of phase change is defined as a function of the soil properties
and conditions.
Equlibrium models are based on the model of Phillip and de Vries (1957). This
model is based on diffusive transport; advective flow is neglected.
qv =  Dw(s  )dvdL (2.16)
where qv (kg m 2 s 1) is the vapour flux, Dw (m2 s 1) is the molecular diffusivity of
water vapour in air,  (-) is an enhancement factor (discussed in more detail below), 
(-) is the tortuosity factor which allows for the additional path length that molecules
will take due to the pore geometry and v (kg m 3) is the density of water vapour. In
practice the diffusion coefficient and multiplicative factors are often combined using
an effective diffusion parameter:
De =Dw (2.17)
This parameter is then estimated by fitting the relationship to experimental data.
The rate of condensation or evaporation is defined by assuming equilibrium between
the liquid and vapour phases using equation 2.11, which can also be written as:
 = sath (2.18)
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Differentiating this equation and using the chain rule implies that:
d
dL
= h
dsat
dT
dT
dL
+ sat
dh
d m
d m
d
+
d
dL
(2.19)
Then using equation 2.11 to evaluate dhd m :
d
dL
= h
dsat
dT
dT
dL
+
Mwg
RT
d 
d
d
dL
(2.20)
The flux can therefore be considered as the summation of two components; isother-
mal and non-isothermal:
qvp
w
=  DT ;v dTdL  D;v
d
dL
(2.21)
Whilst the Philip and de Vries (P&V) model is based on Fick’s Law of diffusion it
also includes an empirical enhancement factor (). This factor was included because,
without it, their simulations underestimated the diffusive flux observed in experi-
ments studies. The physical processes that could account for this enhancement factor
are unknown. Philip and de Vries suggested that it might occur due to pore scale pro-
cesses such as local temperature gradients or transport through liquid islets of water
via condensation and evaporation. However, some argue that enhancement factors
are unnecessary (Shokri et al., 2009) and occur due to modelling deficiencies.
The model of Philip and de Vries is often coupled with Richards’ equation (Kresic,
2007, p86) for liquid flow. In field conditions vapour flows due to thermal gradients
are likely to be significant so a further model of heat transport is often also included.
This combined approach to modelling liquid and vapour flows in soil is widely used
today (Saito et al., 2006; Bittelli et al., 2008; Garcia et al., 2011)
Cahill and Parlange (1998) used experimental data to define the evaporative flux
from a soil surface using an energy balance method and a mass balance method. They
compared these results to the results produced by implementing the P&V model. The
results obtained by the energy and mass balance methods are similar whilst the P&V
comparatively underestimated the magnitude of vapour fluxes in the soil and more
significantly predicted the opposite direction for vapour flux throughout most of the
test. Parlange et al. (1998) suggested that this failure to estimate the vapour flux
occurs because advective flow is not included in the model. However Or and Wraith
(2000) suggested that the error in the experimental measurement of the liquid soil
water content may have meant that the balance equations should not have closed.
Some models now include an advective flow component (Grifoll et al., 2005; Gonzalez
et al., 2012).
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Further work has also been carried out relaxing the assumption of equilibrium
between the liquid and vapour phases. To do this the rate of condensation or evap-
oration must be defined. Several definitions of the phase change rate have been de-
veloped based on different conceptualisations of the factors limiting phase change.
An approach using non-linear thermodynamics (Ruiz and Benet, 2001; Lozano et al.,
2008, 2009) leads to a definition of the phase change rate as a logarithmic function of
the actual partial vapour pressure and the equilibrium partial vapour pressure:
q = Mw ln
 
pv
psat
!
(2.22)
where  (mol m 2 s 1) is a form of the so called phenomenological coefficient which
can be determined by inverse modelling.
An alternative, mechanistic approach considers that the pore-scale diffusion pro-
cess limits the transport of water vapour to or from the liquid-vapour interface. The
phase change rate is therefore defined by modelling the diffusion from the bulk
vapour phase to the liquid surface. To do this some assumption about the geome-
try of the system must be made. Shahraeeni and Or (2010) assume that the pores can
be represented as a two dimensional wedge and also use this geometry to define the
film thickness that accumulates on the surface of the pores.
In a third, empirical, approach the difference between the partial vapour pres-
sure and the equilibrium pressure has also been used to model the phase change rate
(Bixler, 1985; Zhang and Datta, 2004; Smits et al., 2011):
q =U (  r )(psat   pv) (2.23)
where U (m 1 s) is an empirical fitting parameter.
This is somewhat comparable to the mechanistic approach, as the flux is driven by
a concentration difference as in Fick’s first law. However the parameter b uses an em-
pirical factor to account for the geometry of the system. Smits et al. (2011) compared
this non-equilibrium approach to the P&V equilibrium model. They demonstrated
that the non-equilibrium approach provided a closer fit to their experimental data as
the P&V model overestimated the evaporation from the soil. However, in their im-
plementation of the P&V model they used the van Genuchten model. Although the
residual water content that they used was low (0.028 m3/m3) it is still likely that this
model, when combined with Equation 2.11 in a similar way to the examples in Figure
2.6, provided a poor representation of the soil sorption isotherm. Thus the isothermal
vapour flow was also likely to be poorly simulated.
Non-equilibrium models are still an area of interest and, as yet, no single method
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has emerged as the preference. These models have also only been tested against a
limited amount of data, generally for small samples rather than for large scale appli-
cations. The equilibrium model is thus still widely used.
2.4 Plant water uptake
Although the experimental and modelling research presented in this thesis does not
include plants, it is important to understand plant water uptake so as to judge the
potential for the PV irrigation system. In bare soils the transfer of water from the
soil to the atmosphere by evaporation only occurs in the upper layers of the soil.
However, in vegetated soils, plants provide an alternative and more complex pathway
for water transfer from the soil to the atmosphere. Above ground the plant structure
increases the surface area for gas exchange with the atmosphere and below ground the
plant roots spread through the soil accessing water from a wider area. Additionally,
feedback mechanisms within the plant exert a degree of control over the transpiration
rate.
Atmospheric conditions provide the driving force for transpiration. Increases in
ambient temperature, vapour pressure deficit, radiation and wind speed all increase
the potential for the removal of water vapour from plant surfaces. For plant cells
to maintain their turgor the water they lose to the atmosphere must be replaced.
Although there may be some storage within the plant, ultimately this water must
be taken up from the soil. In this section the physiology of plant water uptake is
described and methods for estimating plant water uptake are then discussed.
2.4.1 Theory of plant water uptake
Less than 1% of the water taken up by plant roots is retained by the plant, the rest
is lost to the atmosphere through transpiration (Lambers et al., 1998, p154). Tran-
spiration serves two main functions in the plant; firstly it enables nutrients to be
transported in solution throughout the plant and secondly it provides a means of
temperature regulation. When the supply of water in the soil becomes limited the
plant must ensure that the amount of water lost to the atmosphere is also reduced.
The plant adjusts the transpiration rate by reducing the vapour transfer with the at-
mosphere. This is done by changing the size of gaps known as stomata which are
usually found on the underside of the leaf (Starr et al., 2013, p478). A pair of cells
around each stoma controls the size of the opening. The stomata can opened and
closed to expose or restrict access to an internal cavity in the leaf. Access to this in-
ternal cavity allows vapour exchange to occur over a larger surface area and across
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plant tissue with a higher conductance. In this way stomata can regulate gas transfer,
including water vapour, with the atmosphere.
The stomatal mechanism for the control of water vapour loss also controls the rate
of exchange of carbon dioxide with the atmosphere. Carbon dioxide is taken up by
the plant to enable photosynthesis, the process by which the plant assimilates carbon.
Changes in the transpiration rate will therefore also affect the rate of carbon assimi-
lation and hence plant growth. When plants are not limited by water availability the
carbon assimilation will be limited by another factor (such as nitrogen availability)
and the plant mechanisms will seek to optimise the use of this limited resource (Lam-
bers et al., 1998, p56). Under water stress it is often assumed that plants attempt to
restrict transpiration whilst maintaining as much assimilation as possible (Mansfield
et al., 1990). Maintenance of the assimilation rate enables the plant to continue to
develop and to grow in response to the environmental conditions. The temperature
in the leaf also affects the rate of photosynthesis and hence carbon assimilation (Far-
quhar and Sharkey, 1982), so the control of the stomata clearly plays an important
role in maintaining the rate of carbon assimilation as well as the transpiration rate.
Water can enter the roots via either the apoplastic or symplastic pathways.
Apoplastic flow diffuses through the cell walls and the spaces between cells whereas
symplastic flow crosses the plasma membrane into a cell and is transported inside
the cells (Lambers et al., 1998, p143). As the water moves further into the root struc-
ture apoplastic flow is interrupted by an impermeable barrier called the Casperian
strip and must continue via the symplastic pathway. Water then diffuses into the
xylem, a bundle of tubes made up of individual cells which run from the roots to the
leaves. Transport of water through the xylem occurs under a large negative pressure
and supplies the leaves with moisture. Although atmospheric conditions cause the
loss of some leaf moisture directly through the cuticle (the outer layer of the leaf),
most water is lost through stomata. This transport therefore requires little energy
expenditure by the plant as the process is driven directly by the atmosphere.
Stomatal conductance has been shown to respond to light intensity, ambient car-
bon dioxide concentration, temperature, leaf water potential and humidity (Jarvis,
1976; Farquhar and Sharkey, 1982). The decrease in stomatal conductance with de-
creasing humidity provides a feedforward mechanism which reduces the loss of water
from the plant when the atmospheric conditions could cause a high transpiration rate
which may exhaust the soil moisture supply (Lambers et al., 1998, p53). There has
been some debate over the response of the stomatal conductance to leaf water poten-
tial, as some studies show a correlation but others do not. This is thought to be due
to the time scale over which transpiration rates are maintained, since, if the transpi-
ration rates are changing rapidly, the leaf potential may not reach a steady state. In
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the short term there is evidence that the hormone abiscisic acid (ABA) is used to send
a chemical message from the roots to the leaves (Davies and Zhang, 1991; Tardieu
and Davies, 1993). The presence of ABA in the leaf then reduces the stomatal con-
ductance which ultimately leads to a drop in the leaf water potential. Other chemical
messengers may also play a role in this process.
2.4.2 Quantifying plant water requirements
Plant water requirements can be quantified experimentally using lysimeters (Tyagi
et al., 2000; Kashyap and Panda, 2001). To operate a lysimeter a volume of soil is
isolated and the mass of this volume is monitored, along with the input and output
of liquid water. As the storage within the system is known and all the other mass
flows into and out of the system are known the evapotranspiration can be calculated
using a mass balance approach:
ET =Qin  Qout   4S4t (2.24)
where ET (mm day 1) is the evapotranspiration rate, Qin (mm day 1) is the flux into
the system, Qout (mm day 1) is the flux out of the system and S (mm) is the stor-
age of water within the soil per unit surface area. The possible sources of flux into
the lysimeter (Qin) are rainfall, irrigation and capillary rise from the soil below the
lysimeter, whilst the flux out of the lysimeter (Qout) refers to drainage from the base
(or possibly the sides) of the isolated soil within the lysimeter.
More recently sensors that monitor sap flow through a plant stem have become
available to monitor the water flow in an individual plant (Juhász et al., 2008;
De Swaef et al., 2012). Although there can be some delay between the water up-
take in the roots and the transpiration from the leaves, these measurements can be
used to provide useful data on both the timing and amount of water uptake. Sap
flow sensors also allow the transpiration rate to be isolated from the evaporation rate.
The increased use of these sensors should greatly improve the understanding of crop
water uptake in the future.
Lysimeter and sap flow measurements provide useful data on the rate of evapo-
transpiration, however the expense of building a lysimeter is often prohibitive and
sap flow technologies are relatively new, thus indirect methods to measure evapo-
transpiration have also been developed. Indirect methods include using an energy
flux balance (Rose, 2004), which require instrumentation above the canopy of the
crop, and methods which are based on the data that should be available from a lo-
cal weather station (Allen et al., 1998; Tyagi et al., 2000; Kashyap and Panda, 2001).
The latter approach is common and the Food and Agriculture Organisation (FAO)
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recommend the use of the Penman-Monteith equation (Allen et al., 1998):
ET =
(Rn  G) + gaacp(psat   pv)h
+

1 + gags
i

(2.25)
where ET (mm day 1) is the potential evapotranspiration rate, Rn (kg s 3) is the net
radiation, G (kg s 3) is the soil heat flux, a (kg m 3) is the density of air at a given
pressure and temperature, cp (m2 s 2 K 1) is the specific heat capacity of the air,  (kg
m 1 s 2 K 1) is the slope of the saturation vapour pressure temperature relationship,
 (kg m 1 s 2 K 1) is the psychrometric constant, gs and ga (m s 1) are the surface and
aerodynamic conductances respectively and  (kg m 1 s 2) is the volumetric latent
heat of vaporization.
To use Equation 2.25 the surface conductance, gs, must be defined. This conduc-
tance will vary with crop type, environmental conditions and crop growth stage as
it is represents the conductance of pathways for water transfer between the crop and
the immediately surrounding air. Thus, it is a function of the stomatal conductance
and the number of stomata. As the stomata respond to environmental conditions
(Section 2.4.1) the surface conductance will decrease as the stomata close. The sur-
face conductance will also vary with crop growth stage due to the change in leaf area.
To eliminate the need to establish the value of gs for each crop individually, Allen
et al. (1998) suggested that the evapotranspiration is calculated for a reference crop
for which the surface conductance is known and then scaled using a multiplicative
crop factor (K) to estimate ET for the particular crop and growth stage:
ET =KET ;0 (2.26)
where ET ;0 is the reference crop evapotranspiration calculated using Equation 2.25.
This crop factor has been determined for several crop types and varies with crop
growth stage (Allen et al., 1998). Tyagi et al. (2000) also note that it is desirable
to calibrate K0 locally to represent the conditions in which the crop will be grown.
This approach also assumes that a standard crop spacing is used so that the coverage
of the crop is repeatable. However in the early stages of growth or in sparse crops
the evaporation from the soil surface becomes more significant. Further adjustments
can be applied to separate the effect of evaporation and transpiration in sparse crops
(Shuttleworth and Wallace, 1985).
Using these methods the evapotranspiration rate has been quantified for several
crops. Typical results are shown in Figures 2.7 and 2.8 which show the seasonal varia-
tion in water uptake for several plants. As well as providing an estimate of the likely
water requirement of a crop (the actual requirement will vary with climatic condi-
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Figure 2.7: Typical water requirements of five crops in Alberta, Canada. Figure repro-
duced from Hart (2002). Data were collected by applying different water treatments
to multiple plots of the crop and determining the minimum water required to pro-
duce the optimum yield.
tions) these results can be used to compare the water use of different crop types. For
example Figure 2.7 shows that the water requirements of alfalfa are approximately
double that of beans.
Two values of soil water content are deemed to have particular significance in de-
termining the interaction between plants and soils. These values define the field ca-
pacity (FC) and permanent wilting point (PWP). The water available for plant uptake
is then considered to be the difference between these two values. FC is a somewhat
arbitrary value of water content that represents the approximately constant state that
the soil water will reach one or two days after irrigation or rainfall (Kirkham, 2005).
It is estimated as the soil water content at a matric potential somewhere between -5
and -33kPa (Wild, 1993; Givi et al., 2004; Rose, 2004). PWP represents the low soil
moisture content at which the leaves of a plant growing in that soil will undergo a
reduction in moisture content (Kirkham, 2005, p104). Although this value can be
measured it is often defined as the water content at -1500kPa (Wild, 1993; Givi et al.,
2004; Rose, 2004; Kirkham, 2005). Other useful concepts that are used to consider
plant soil interactions included the total available water content (TAW), the readily
available water content (RAW) and the soil moisture deficit (SMD). TAW is defined as
a function of FC, PWP and rooting depth and quantifies the amount of water avail-
able for plant uptake when there is no water stress within the soil (Allen et al., 1998).
RAW is defined as a fraction of TAW and accounts for the fact that, as the soil dries,
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Figure 2.8: Water requirements of rice and sunflower. Figure reproduced from Tyagi
et al. (2000). Data were collected using lysimeter experiments.
water is more tightly held within the soil matrix (Allen et al., 1998). The RAW is
therefore the fraction of TAW that can be easily taken up by plants. SMD is defined
as FC   , thus it provides a measure of the current moisture conditions within the
soil compared to those at field capacity.
2.5 Irrigation
Irrigation is the artificial application of water to the soil to support crop growth. It
can either supplement or replace natural water provision by rainfall. The application
of irrigation to a crop can increase the yield per unit area and mitigate against the
risk of drought. It has become essential to world food production systems. The agri-
cultural industry is affected by many of the current global challenges. Among these is
the need to reduce the use of freshwater resources. Worldwide the agricultural sector
accounts for 70% of the freshwater withdrawals from rivers and aquifers (Pimentel
et al., 2004). This statistic varies significantly with location as, for example, in India
90% of freshwater withdrawals are used for agriculture, and in the United Arab Emi-
rates 83%, whereas in the UK they account for just 10% (AQUASTAT, 2012). As global
water requirements for domestic use and for other industries increase and with the
uncertainty in hydrological predictions of future availability, the current water us-
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age is unlikely to be sustainable. The agricultural sector is well aware of the need to
reduce freshwater use for irrigation and interest in developing water efficient tech-
nologies and practices has ensued. Also, low quality waters such as wastewater and
saline water are increasingly used for irrigation. In this section such developments
are reviewed so that they can later be compared to PV irrigation.
2.5.1 Water efficient irrigation
2.5.1.1 Definitions of water efficiency
The term ‘irrigation efficiency’ has been used in different contexts to mean many
different things. In some definitions it relates to the amount of water applied per
unit yield, in others it refers to the proportion of applied water that is beneficial to
the crop and in yet other contexts the definition also includes economic factors. In
further discussion the following definitions are used:
Application efficiency defined as the percentage of water transpired or retained in
the active root zone per unit of applied irrigation water (Hart, 2002).
Water use efficiency (WUE) defined as the ratio of dry matter yield per unit of water
evapotranspired (Ayars et al., 1999).
The application efficiency and WUE give different information about the irrigation
performance. The former is a measure of how the irrigation system applies water to
the soil and the latter provides more information about the plant behaviour. Ideally
the WUE would be defined using the transpiration rate without including evapora-
tion at the soil surface. However in the past these two components have been difficult
to separate (Section 2.4.2).
2.5.1.2 Types of irrigation
There are three types of irrigation system; surface, sprinkler and micro irrigation.
Surface irrigation methods include basin, border and furrow irrigation (Figure 2.9).
In basin irrigation banks are built up around the field allowing water to pond and in-
filtrate into the soil. During border irrigation water flows from an irrigation channel
down a sloped field into a drainage channel. Some of the water from this flow infil-
trates into the soil but the soil is not completely flooded. In furrow irrigation rows
of crops are located between channels of water. Lateral seepage from the irrigation
channels supplies the crop with water. The furrow geometry and the soil type affects
the rate of water transport towards the plant roots. The application efficiency of the
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Figure 2.9: Diagrams of surface irrigation methods; a) basin irrigation, b) border irri-
gation and c) furrow irrigation. Red arrows indicate the direction of water movement.
Based on diagrams from Kay (1986).
surface irrigation systems is inherently low as evaporation from the open water sur-
faces is high and some drainage into deeper soil layers is also likely to occur. In a
study in Canada, Hart (2002) recorded application efficiencies of 30-60% for surface
irrigation systems. The main advantage of such systems is their simplicity.
Sprinkler irrigation systems work by spraying water onto the soil surface, replicat-
ing the effect of rainfall. Water is sprayed using a pressurised system with a number
of nozzle heads (Kay, 1983, p9). One significant challenge when irrigating using this
method is to ensure an even distribution of water throughout the crop. Sprinkler
irrigation increases the application efficiency of the irrigation compared to surface
irrigation but there are still losses that occur due to interception of the water by the
plant. As the water falls onto the plant some of it ponds on depressions such as those
in the centre of a leaf and evaporation occurs from these surfaces before the water
reaches the soil. Hart (2002) reported application efficiencies of 65-80% for sprinkler
systems.
Micro irrigation can improve the application efficiency by up to as much as 90%
(Karlberg and Penning de Vries, 2004). Often it is implemented using a drip line
which supplies water to the soil a drop at a time. At its simplest this can be done
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using a perforated pipe (Karlberg and Penning de Vries, 2004), or more sophisticated
systems can be used with emitters spaced periodically along a pipe to allow controlled
flow to be applied to the soil at each of these points. The supply pipe is pressured to
force water into the soil when the nozzle allows. This drip line can either be placed
on the soil surface or it can be buried. Burying the drip line increases WUE as evap-
oration from the soil surface is reduced (Ayars et al., 1999). However sub-surface
drip lines are more difficult to install and increase capital costs. Root intrusion and
damage to the pipe by equipment and burrowing animals are also of concern during
operation (Ayars et al., 1999).
Subsurface drip irrigation can also be implemented using a mulch (e.g. a plastic
sheet or a layer of bark) to cover the surface. This further reduces evaporation from
the soil surface, increasing WUE. A plastic sheet covering the soil surface can also
have other benefits (Lament, 1993) including reducing weed growth and inducing
desirable soil temperatures, either warm (using a black sheet) or cool (using a white
sheet).
2.5.1.3 Precision irrigation and irrigation scheduling
Precision irrigation systems are technologies that allow temporal and in some cases
spatial variation in the irrigation rate. The aim is to meet the crop requirements more
accurately so as to reduce water use. A manual or computerised control system can
be used to apply an irrigation rate as defined by the user. Irrigation scheduling is
the practice of applying irrigation water at temporally varying rate. The schedule
is chosen to coincide with crop growth stages that most require water. Temporal
variation in the irrigation rate can reduce water use because the climatic and soil
moisture conditions can be taken into account when irrigating.
Sadler et al. (2005) argue that spatial variation can also reduce water use as sev-
eral negative effects can occur because of heterogeneous conditions in the field. Such
effects include differences in elevation which can lead to ponding in lower areas and
differences in compaction which can affect infiltration into the soil as well as the wa-
ter retention capacity. These effects can lead to over and under irrigation in different
sections of the field, both of which can result in reduced yield. Over application of
water can also lead to leaching of nutrients which can have negative environmental
effects off-site. Spatial variation in the irrigation rate can be implemented to some ex-
tent using any irrigation method but is more suited to sprinkler and micro irrigation
techniques.
Irrigation scheduling generally uses real time monitoring of the irrigation demand
so that water can be applied as needed. The irrigation demand can be assessed based
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on the atmospheric conditions, the soil conditions (i.e. water content) or the plant
water status. The atmospheric conditions can be used to approximate the evapotran-
spiration demand so that this water can then be applied to the soil (e.g. Equation
2.25). The main limitation of this approach is that errors are cumulative as soil and
plant conditions are not monitored. For example, if the plant water requirements are
consistently overestimated, the soil water content will increase with time.
Soil moisture probes and probes to monitor the soil matric potential have been
used for several years to provide information on the soil moisture conditions so that
irrigation decisions can be made. Research efforts now focus on developing auto-
mated systems exploiting these technologies using sensor networks (Vellidis et al.,
2008; Zhou et al., 2009) which can also take into account spatial variations. These
systems use a network of sensor nodes that must be powered and connected, prefer-
ably using wireless technology. The sensors must also be replaced periodically, which
adds to the cost of the system. However, in water limited environments these addi-
tional costs become acceptable. Practically the need for instrumentation limits the
spatial resolution of the monitoring.
To use these automated systems, trigger points must be defined so that the control
system can logically decide when to begin irrigation. Vellidis et al. (2008) suggested
that for a cotton crop, irrigation should start if the matric potential at 0.2m depth
measured less than -4m or if it was less than -5m at lower depths within the soil
profile.
Further research has focused on using plant water status to infer the irrigation
requirement (Jones, 2004). The plant water status can be measured directly or indi-
rectly by various methods. The water status can be monitored directly using the water
potential in the roots, shoots or leaves. Indirect measurements include measurements
of the stem diameter which varies with water uptake rate and measurements of stom-
atal conductance using infrared imagery. Jones (2004) notes that such techniques are
not easily adapted to automated measurement, however such methods have the po-
tential to provide accurate data on plant uptake rates. Sap flow sensors could also be
used to monitor uptake in future.
2.5.1.4 Deficit irrigation (DI) and partial rootzone drying (PRD)
Deficit irrigation (DI) is a practice in which the crop is deliberately under supplied
with water. This is generally done by applying a fraction of the calculated evapo-
transpiration rate. This method is of particular interest in arid and semi-arid regions
where water, rather than land area, is the limiting factor (English and Raja, 1996).
Thus the aim is to maximise yield per unit of water instead of the more common
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approach to maximise yield per unit area.
As the water applied to the crop during DI is not sufficient to meet demand, the
plants are under water stress. This leads to a reduction in the stomatal conductance
which limits gas transfer with the atmosphere. Hence both water vapour and car-
bon dioxide transfer are reduced. Yield is likely to reduce as photosynthesis will be
limited by the carbon dioxide exchange. However the relationship between the rate
of photosynthesis and the stomatal conductance is non-linear and some reduction in
stomatal conductance can occur before the photosynthesis rate is reduced (Sepaskhah
and Ahmadi, 2010) (Figure 2.10a). Also, even if the rate of photosynthesis is reduced,
some plants continue to partition the synthesised biomass so that the yield is not re-
duced (Fereres and Soriano, 2007) (Figure 2.10b). The aim of DI is to exploit these
effects so that for a reduction in applied water there is a smaller percentage reduction
in crop yield. This would therefore increase WUE. Geerts and Raes (2009) empha-
sised that, whilst DI has been used successfully for many crops, the results are highly
dependent on the crop type and are sensitive to application timing.
An interesting feature of DI is the effect that the regime can have on fruit quality.
For example Zegbe-Domíngueza et al. (2003) compared DI of tomatoes to a control
plot in which the full irrigation amount was applied. They reported that DI improved
the fruit quality by increasing the redness (measured using hue angle), reducing the
fruit water content and increasing the total soluble solids concentration (TSSC) in
the fruit. Whilst the water content of the fruit affects TSSC this increase could also
occur due to the conversion of starch to sugar in water stressed crops (Kramer, 1983,
p364). Costa et al. (2007) cited a number of other studies that showed an improved
fruit quality of tomatoes under DI, but also noted that the total yield per unit area
in these studies was reduced compared to full irrigation. Fereres and Soriano (2007)
point out that improved fruit quality is of particular value in grapes grown for wine
production, and that DI is useful for this crop. A risk that must be considered during
DI is that of soil salinisation (Geerts and Raes, 2009). As no excess water is applied
to the soil, salts are not leached away from the rootzone. A salt management strategy
must therefore be developed independently.
Another irrigation strategy to increase WUE is partial rootzone drying (PRD). As
in DI, only a fraction of the evapotranspiration rate is applied to the soil, however
in PRD water is applied to one half of the rootzone (Sadras, 2009). After a period
of time the irrigation is then applied to the other half of the rootzone and is subse-
quently alternated between the two. The application practice targets two effects; the
manipulation of water stress signals in the plant and the development of an effective
rootzone. It has been suggested that irrigating using an alternating pattern develops
a root system with improved hydraulic conductivity (Kang and Zhang, 2004) because
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Figure 2.10: Non-linearities in a) the relationship between stomatal conductivity and
rate of photosynthesis, reproduced from Sepaskhah and Ahmadi (2010) and b) the
relationship between biomass production and yield, reproduced from Fereres and
Soriano (2007). All quantities are normalised relative to the value under no water
stress.
new root growth is encouraged by moist conditions and the root system is then forced
to become more efficient in dry conditions. Such a root system could drain water from
the soil more efficiently than a comparable crop that had grown under full irrigation.
A review of PRD (Sepaskhah and Ahmadi, 2010) compared data from several studies
and concluded that PRD can improve WUE compared to DI. However they noted that
this is dependent on crop type, soil type and other site specific considerations.
2.5.2 Irrigation with low quality water
The limited availability of freshwater for agriculture has led to the increased use of
lower quality waters such as wastewater (Carr et al., 2004) and saline water (Oster,
1994) for irrigation. Whilst the reuse of wastewater can in some cases pose a serious
health risk, the health of a community can improve due to food security following
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the reliability of the water supply (Carr et al., 2004). The risks of irrigating with
saline water pertain more to the environmental issues that can occur. Repeated ap-
plication of saline water to the soil leads to an increase in the soil salt concentration.
This salinity increases the osmotic potential in the soil, decreasing the potential gra-
dient between the soil and the root and reducing the soil water available for uptake
by plants (Qadir and Oster, 2004). Salt affected soils also suffer from crusting that
reduces infiltration of rainfall (Mason, 2003, p55). To prevent salt accumulation the
soil is often over irrigated so that the salts are leached into lower soil profiles. How-
ever it is important to take account of the downstream effects of leaching (Beltrán,
1999) as this can lead to the salinisation of other water bodies.
An alternative management practice that reduces the risk of soil salinisation is to
minimise the amount of saline water applied to the field by using a micro irrigation
system such as drip irrigation. In practise the implementation of such systems with
saline water often leads to clogging of the drip lines (Nakayama and Bucks, 1991),
decreasing irrigation uniformity and increasing maintenance costs. The increase in
soil salinity can also be addressed by using salt tolerant crops. In general the soil
salinity has a negative effect on crop yield, however low to moderate salinity in the
soil actually increases the yield of spinach (Shannon and Grieve, 1998). Also, after
prolonged exposure to salt some plants can make adjustments to reduce the effect
of salinity (Katerji et al., 2003). Additionally, to improve the salt tolerance of crops,
species can be genetically selected to increase their salt tolerance (Flowers, 2004).
Ideally saline water would be treated before use in irrigation. Beltrán and Koo-
Oshima (2006) reviewed the costs of doing this and suggested that desalination of
water is only economic for high value cash crops and that membrane processes are
most viable. Ghermandi and Messalem (2009) noted that another barrier to the use of
desalinated water in irrigation is the removal of minerals and ions (e.g. boron) from
the water that are essential to plant growth.
2.6 Pervaporative irrigation
To irrigate using a PV membrane a hydrophilic, non-porous polymer membrane is
formed into a tube. This tube is buried in the ground, bunged at one end and con-
nected to a reservoir at the other (Figure 2.11). The tube is then filled with water,
which may be saline or brackish. If the surrounding soil is dry there is a chemi-
cal potential gradient that draws water into the soil whilst salt is retained due to the
membrane selectivity. Plants take up water from the soil, reducing the soil water con-
tent and maintaining a flux across the membrane. The system therefore operates as a
subsurface micro irrigation system (Section 2.5.1.2). Additionally, the irrigation wa-
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Figure 2.11: Diagram of PV irrigation in the field.
ter is treated by the membrane before it reaches the soil, however the energy required
for the treatment is not a user input but occurs due to the natural conditions in the
soil and the surrounding environment. The system has been implemented in desert
conditions, as the arid conditions mean that irrigation is required for crop production
and saline water is the most plentiful source of water.
The most appealing aspect of a PV irrigation system is its ability to treat saline wa-
ter at low energy cost to the user. This water treatment could enable easy irrigation
with brackish groundwater or seawater whilst reducing the risk of soil salinisation.
The use of the PV membrane also allows the saline water to be applied to the soil via a
micro irrigation system whilst avoiding the clogging that occurs in drip lines (Section
2.5.2). From an irrigation perspective there is another feature of the system that is of
interest; the inherent feedback between the soil moisture conditions and the irriga-
tion flux. This feature means the system can interact with the plant by providing an
increased irrigation flux when the soil conditions are dry and the plant has more need
of water and conversely a reduced flow when the soil is wet. Due to this interaction
PV irrigation will provide an irrigation rate that varies both temporally and spatially,
a trait that is desirable in precision irrigation technologies and for irrigation schedul-
ing (Section 2.5.1.3). PV irrigation therefore has the potential to provide high WUE
without the need for monitoring and prediction of the required irrigation rate. The
spatial variability is particularly appealing as it would surpass the resolution possi-
ble with even a fine network of soil probes. However, the variability also means that
the user has no control over the system, hence there is also the risk that water may
not be provided at a rate sufficient to support plant growth. For this reason a pre-
dictive model of the irrigation flux from the system would be an asset. It should also
2.6. Pervaporative irrigation 50
be noted that fertigation (by which fertiliser is added to the soil in solution with the
irrigation water) is not suited for use with this system as the transport of fertilisers
is reduced or prevented. Fertiliser must therefore be provided to the crop by another
means such as foliar feeding (the application of fertiliser to the leaves).
In this section previous work that has been carried out to quantify the flux from
PV irrigation membranes is reviewed. This includes a small amount of published
work as well as MSc research at Imperial College London and observations that have
been made during field trials of the technology.
2.6.1 Previous studies of PV irrigation
A small amount of research has been carried out to quantify the irrigation flux across
PV membranes. Most of this work was carried out using a hydrophilic, non-porous
PV membrane similar one used in this study (Quiñones-Bolaños et al., 2005a,b;
Quiñones-Bolaños and Zhou, 2006). These results provide interesting insights into
the behaviour of PV membranes in soils and the magnitude of the flux that is achiev-
able by PV irrigation. However, it should be noted that the chemical composition of
this membrane was slightly different to the one in this study.
In their initial investigation Quiñones-Bolaños et al. (2005a) quantified the mag-
nitude of the water flux across the membrane in air (i.e. before the membrane was
buried in soil). In their setup the gradient across the membrane was maintained by
applying a sweeping gas across the permeate surface to transport permeate molecules
away from the tube. When gas was swept across the membrane surface at a high ve-
locity they observed a water flux rate that they later concluded was sufficient to sus-
tain plant development. In their experiments with lower sweeping gas velocities they
observed a significant decrease in water flux, approaching zero as the velocity tended
towards zero. Whilst vapour flows are likely to occur in dry soils, it is unlikely that
they will occur at the high velocities simulated in these sweeping gas experiments.
Thus it is likely that the flux into bare soil would be comparable to the lower val-
ues that they observed at low sweep velocities. Quiñones-Bolaños et al. (2005a) also
noted that, if the membrane were buried in the soil, the transport from the membrane
to the plant would provide additional resistance to water transport. To compensate
for the increase in resistance outside of the tube they suggested that the resistance to
transport through the membrane should be minimised as much as possible by using
a thinner membrane.
In a further study Quiñones-Bolaños et al. (2005b) buried the membrane in the
soil and estimated the flux across it by monitoring the volume change of a supply
reservoir. In their laboratory scale setup the membrane was buried in a loam soil
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which was initially ‘air dried’. The box containing the soil was covered with a lid.
Two structural forms of the membrane were used; a bundle of 36 hollow tubes and
a corrugated sheet. The water inside the membrane structure was supplied from a
reservoir and pressurised using a back pressure valve. The soil moisture content was
also monitored at 11 locations in the soil. The main conclusion of this work was
that the flux varied greatly with the feed pressure. This variation was not expected
in pervaporation processes and Quiñones-Bolaños et al. (2005b) suggested that this
could have occurred because the membrane they used was micro-porous. However,
they found no additional evidence of pores. Again the estimated water flux was com-
pared to plant water requirements and they concluded that sufficient flux could be
provided but that it was desirable to pressurise the system to increase the flux. The
presence of an adsorbent material in the soil was also able to increase the flux across
the membrane.
Vapour flow through the system was not a focus of these studies and two aspects
of the experimental method create uncertainty regarding the possible vapour flow
in their setup; the initial soil conditions and the efficacy of the box lid to prevent
vapour exchange with the atmosphere. The relative humidity of the air in which
the soil was initially dried is unknown. However, assuming that it was below 90%
the moisture content would have been held in the soil predominantly by adsorption
and vapour flow is likely to have been significant, at least in the initial stages of the
experiment. Differences in the air conditions during drying could therefore affect the
initial conditions. Although the lid on the soil box should have prevented most of the
exchange of water vapour with the air it is still possible that there was some and this
was not quantified in the experiment.
Quiñones-Bolaños and Zhou (2006) went on to develop a model of water trans-
port from a PV irrigation membrane through the soil (hereafter the QBZ model) and
compared this to their experimental results. Their model for the water flux across the
membrane was based on the resistance in series model developed by Côté and Lipski
(1988). This water flux is represented as a function of the matric potential in the soil
using:
qw =   wrQBZ
h
wg m   (pf eed   p0)
i
+ b (2.27)
where rQBZ (kg m 2 s 1) is the total mass transfer resistance across the membrane,
pf eed (kg m 1 s 2) is the feed pressure, p0 (kg m 1 s 2) is the pressure of water at a
standard state and b (kg m 2 s 1) is a lumped parameter that accounts for the effects
of soil water movement due to the gravitational and osmotic potential of the soil
solution.
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Water transport through the soil was modelled using Richards’ equation for liquid
flow (Kresic, 2007, p86) with the soil water retention relationship defined by the
empirical van Genuchten relationship (Table 2.1) and the hydraulic conductivity by
Mualem (Eqn. 2.14).
In modelling the system in this way the significance of the vapour phase was not
considered at all. The flux across the PV membrane was defined as a function of the
difference in the pressure of the liquid phase rather than as a concentration gradient
or a partial vapour pressure gradient. To parameterise the flux model they performed
an additional test in saturated soil with a variable feed pressure. Thus Equation 2.27
reduced to:
qw =  
wpf
rQBZ
+ b (2.28)
The parameters were then estimated from the data using linear regression. In these
saturated soil conditions there is no driving force for pervaporation thus the water
transport across the membrane, observed in experimental results, must occur by an-
other transport process. The parameters derived from this expression therefore do
not correspond to the PV properties of the membrane, but to other water transport
processes across the membrane, namely processes driven by pressure and osmotic
gradients.
Quiñones-Bolaños and Zhou (2006) estimated the parameters for the van
Genuchten relationship using data for experiments conducted at water contents from
0.3-0.45 m3/m3. In the experimental results the highest soil water content reported
was 0.08m3/m3, thus in this modelling work the experimental results were extrapo-
lated significantly into drier soil conditions. Additionally in such dry conditions the
van Genuchten model is of limited use as it does not represent the adsorbed water
content (Section 2.3.1).
Their modelling results show a good prediction of the water flux rate but a poor
simulation of the soil moisture content (Figures 2.12 and 2.13). In fact the experi-
mentally monitored changes in the liquid water content of the soil are very small. As
the flux into the soil is well modelled this suggests that the mass of water entering the
soil is not distributed throughout the soil accurately in the model. Assuming the soil
is homogeneous, this could occur because the water remains even closer to the mem-
brane than the location of the probes or because the mass of the water is distributed
throughout the soil more widely. This latter effect could occur due to vapour flow
which could quickly distribute smaller amounts of water throughout a wider area of
soil. Alternatively it is possible that the sensitivity of the probes was not great enough
to detect such small changes, in which case the length of the test should be increased
to allow larger changes to occur.
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Figure 2.12: Observed and simulated flux from a PV membrane. Reproduced from
Quiñones-Bolaños and Zhou (2006).
It also appears that there was a slight reduction in the soil moisture content mon-
itored by the probes closest to the soil surface. It is possible that evaporation of water
into the atmosphere could account for this. However the reported changes in water
content were very small so this could again occur because of the lack of sensitivity of
the probes.
Overall, although the QBZ model predicts the experimental flux well the concep-
tual model is not consistent the understanding of a pervaporation membrane in the
soil. This is primarily because the experimental results suggest that liquid transport
driven by a pressure gradient also occurs. The use of the van Genuchten expression
extrapolated into dry soil conditions is also a limitation of the model.
Sule et al. (In Press) conducted experiments to consider the treatment efficiency
of a PV irrigation tube buried in a soil environment. The membrane used in these ex-
periments had the same chemical composition as that used in the research presented
in this thesis. They surrounded the irrigation tube in four different media; air, water,
sand and top soil. These experiments showed 99.8% rejection of the salt in dry soil
environments. However the authors suggested that further experiments should be
carried out in wet soils as they observed salt transport across the membrane when the
PV tube was submerged in water. They also suggested that longer term tests should be
conducted to further test the treatment properties of the membrane. They observed
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Figure 2.13: Observed and simulated soil moisture content at five locations within
the soil after PV irrigation. Reproduced from Quiñones-Bolaños and Zhou (2006).
the highest flux rate in air whilst the flux rate in soil was reduced by a factor of three
and was reduced by almost an order of magnitude in sand. This demonstrates that
the presence of soil affects the conditions at the permeate edge of the membrane and
acts to reduce the flux. As these operating conditions are not of interest in other com-
mercial pervaporation systems where the conditions at the permeate interface are
maintained, care should be taken in extrapolating previous pervaporation research
findings into these new operating conditions.
Three other unpublished MSc projects at Imperial College London have also pro-
vided interesting observations of PV irrigation. The work of Thompson (2009) fo-
cused on quantifying the flux from the membrane used in this study. Her experiments
were conducted in laboratory conditions and used a long thin soil box in which the
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irrigation tube was buried horizontally. At either end of the box the tube was bent
so that it exited the soil vertically. At each end the tube was connected to a supply
reservoir, the level of which was used to monitor the volume of water in the tube
from which the flux rate could be inferred. No plants were used in the experiments.
Thompson found that the flux rate was of a comparable order of magnitude to that of
QBZ. She also observed that the feed reservoir for the tube occasionally increased in
volume, suggesting a flow of water from the irrigation into the feed reservoir. During
these experiments Thompson did not cover the soil surface to prevent vapour ex-
change with the atmosphere, and the experiments took place in a laboratory without
humidity control. One possible explanation for this result is that a drop in humidity
caused the swelling of the irrigation tube to reduce (Tonkin, personal coms). Thus
water that was previously stored in the tube was forced back into the reservoir thus it
appeared that there had been a negative flux from the membrane. This highlights the
potential inaccuracies of inferring the flux rate from the changes in mass or volume
of the supply reservoir.
Uva (2010) attempted to quantify the flux rate from the irrigation tube into air.
To control the air conditions she enclosed sections of the irrigation tube in humidity
chambers that were maintained using saturated salt solutions. Different salt solutions
maintain a different equilibrium humidity in the chamber. Somewhat surprisingly,
she observed that the flux rate increased in high humidity conditions despite the fact
that these conditions corresponded to a smaller potential gradient across the mem-
brane. She suggested that this might occur due to swelling effects and that the per-
mittivity of the membrane could increase with swelling. However it is also possible
that these results could have occurred due to diffusion gradients within the humidity
chamber, as there was no fan in the chambers to ensure mixing. Thus it is possi-
ble that the equilibrium humidity of the salt solution was not representative of the
humidity close to the membrane.
Mougros (2011) performed more controlled experiments to quantify the flux from
the membrane in humid air. In these experiments the humidity of the air close to the
tube was measured. His results contradicted those of Uva (2010), as he observed
that the flux increased in less humid conditions. This suggests that, as expected, the
flux increases in conditions in which a larger potential difference occurs across the
membrane. Mougros (2011) also compared the flow rate into two different soil types;
a sand and a garden top soil. Similar to Sule et al. (In Press), he found that the type
of soil could affect the flux rate by an order of magnitude.
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2.6.2 Anecdotal evidence
As the PV system has been in operation in field trials for over five years there is
anecdotal evidence of how it behaves in different conditions. This includes the obser-
vations pers. coms. Tonkin, 2010) that:
1. The soil type reportedly affects the success of the system.
2. When a plastic mulch was placed on the surface of an irrigated plot in the desert
condensation was observed on the underside of the plastic within hours.
3. Tomatoes and peppers seem to grow well on the system whilst strawberry and
banana plants initially struggle but flourish later.
4. Tomatoes grown on the system are sweet.
Although these observations have not been rigorously tested they provide useful
insights. Specifically, observation number 2 highlights the potential importance of
vapour flow through the soil. Also the observation that soil type affect the system is
directly investigated in this research. Although the other observations, which involve
plant behaviour, were not directly considered in the course of this research, these
effects are discussed in Chapter 5 in light of the findings of this research.
2.7 Summary
PV irrigation presents a number of opportunities. Most obviously, and the primary
reason for interest in the system, is the potential to treat saline water as it is applied
for irrigation. This would reduce the risk of soil salinisation, which can be damaging
to crop yield, without the need for expensive pre-treatment of the water (although
the tube would need to be occasionally flushed to remove accumulated salt). The
irrigation method also has the potential to reduce the amount of water used to irrigate
crops, as the flow rate from the membrane responds to soil moisture conditions and
flux is reduced when water is already available in the soil. However this potential is
still uncertain as the flux from the tube is also likely to be influenced by the crop type,
soil type and possibly other environmental variables. An improved understanding of
the processes that affect the flux supplied by a PV irrigation system would aid further
study of the functionality of the system both as a treatment process and an irrigation
supply.
Research into PV irrigation can draw on a wealth of understanding both of the
process of pervaporation and of irrigation systems and principles. However this sys-
tem also stretches the boundaries of scientific understanding on both fronts. Dur-
ing irrigation the membrane is used in operating conditions considerably different
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to those used and studied for other PV applications, as the membrane is enclosed in
a humid soil environment rather than a partial vacuum or sweep gas being applied.
The characteristics of membranes in such conditions have not been widely consid-
ered, as operation at these relatively low fluxes is not considered commercially viable
for other applications. As an irrigation system, PV irrigation also functions differ-
ently to other methods, supplying water in the vapour phase and at a variable rate
defined by the environmental conditions. The most comparable systems are other
micro irrigation systems (e.g. drip irrigation) that supply liquid water at a rate con-
trolled by the user. The variability of the irrigation rate presents new challenges to
the understanding of the interaction between the irrigation system with the soil and
the plant. It is clear that transport from the membrane occurs in the vapour phase but
the extent of the subsequent transport of water vapour through the soil is unknown. To
understand the significance of vapour flow the soil it is necessary to consider the soil
physics and the equilibrium between liquid and vapour phases in the soil. The equi-
librium between the phases becomes particularly significant in dry conditions when
water is retained primarily by adsorption rather than capillarity. These conditions
also correspond to the dry conditions in which this PV irrigation system is intended
for use.
Anecdotal evidence and the scientific understanding of soil vapour flows in dry
soil suggest that transport of water vapour through the soil is likely to occur to some
extent. However the significance of this vapour transport, the feedback it has on the
flux rate across the PV membrane and the effect of different soil types and conditions
have not previously been quantified. This research aims to investigate these areas so
as to improve the understanding of the underlying processes that affect the flux from
PV irrigation tubes.

Chapter 3
Experimental work1
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3.1 Introduction
During the process of pervaporation the permeate molecules desorb from the mem-
brane in vapour phase. When a PV membrane is used for irrigation this means that
the water flux enters the soil in the vapour phase. This vapour may then move
through the soil due to vapour pressure gradients or condense and flow through
the soil in liquid phase. In previous experimental work (Quiñones-Bolaños et al.,
2005a,b) the vapour flow through the soil from a PV membrane was not monitored
or controlled, instead it was assumed that condensation occurred simultaneously and
that water moved through the soil entirely in the liquid phase. Thus, the significance
of transport in the vapour phase was not quantified. However, because vapour flow
1The key results presented in this chapter also form the basis of a paper (title: Water vapor transport
in soils from a pervaporative irrigation system, authors: LC Todman, AM Ireson, AP Butler and MR
Templeton) which has been accepted for publication in the Journal of Environmental Engineering.
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through the soil can occur rapidly, this transport process could significantly affect the
distribution of liquid water throughout the soil and the rate at which water vapour
is lost to the atmosphere. Consequently vapour flows could also affect the soil water
content available for plant uptake. In the research presented in this chapter an exper-
imental setup was developed so that the affects of vapour flow could be observed. The
aim of the experiments was to assess the significance of vapour flows on the perfor-
mance of a PV membrane in bare soil, specifically the effect that vapour flows could
have on the soil water content.
Three sets of experiments were conducted; air tests, short term soil tests and long
term soil tests. In the air tests a PV tube was enclosed in a chamber in which the hu-
midity was controlled at different levels using various saturated salt solutions. The
aim of these experiments was to quantify the flux across the membrane in humid air,
without the interaction with soil. In the short term soil experiments a PV tube was
buried in soil and filled with water for a period of ten days. The soil type, depth of
soil and the humidity above the soil were varied and the flux across the membrane
was quantified. The aim of these experiments was to assess the significance of vapour
flow through the soil and identify the soil types and conditions in which vapour flow
was particularly evident. These observations were used to develop a perceptual un-
derstanding of the process of pervaporation in dry soils. In the long term soil tests a
PV tube was buried in soil for a period of three months. These longer term tests were
conducted to observe the changes in flux and in the vapour flow behaviour over a pe-
riod that more closely represented a growing season for a plant. These experiments
were also later simulated in the model presented in Chapter 4.
3.2 Air tests
These experiments were carried out to quantify the flux across the tube in humid con-
ditions. It is likely that, when the membrane is used in an irrigation context, the soil
encloses the tube in a humid environment. However most studies of pervaporation
have taken place in partial vacuums or using sweeping air, both of which remove the
permeate away from the external edge of the membrane quickly. In humid conditions
the transport of the permeate water vapour away from the membrane surface is likely
to affect the process. These experiments therefore aim to quantify the significance of
this transport in an air chamber before later experiments that also include soil.
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3.2.1 Experimental method
The air box setup (Figure 3.1) was constructed to enclose the tube within an air filled
chamber so that the flux under different humidity conditions could be observed. The
initial conditions in the chamber were established by a saturated salt solution, which
maintained the relative humidity at a constant level. Once the pervaporation tube
was filled with water the humidity in the chamber increased as moisture evaporated
from the tube, diffused through the air and condensed into the salt solution. A series
of salt solutions were used to maintain the humidity at different levels. These salt
solutions were; lithium chloride (11%), calcium chloride (33%), magnesium chloride
(37%), calcium nitrate (55%), sodium chloride (76%) and potassium chloride (85%).
The relative humidities given in brackets indicate the expected equilibrium condition
between a saturated salt solution and air at 21oC. A summary of the experiments
which includes the mass of salt used in each case is shown in Table 3.1. The tube used
in these experiments was composed of a non-porous hydrophilic polymer membrane
synthesised by Du Pont de Nemours. The polymer was extruded into tubular form
and corrugated to provide structural strength and flexibility. The tube had a wet
diameter of 26.2mm and a membrane thickness of 700m.
The PV tube was stretched across the length of the humidity chamber and
clamped at the entry and exit points by cable glands. Eighty corrugations of tube
were within the box corresponding to a dry, un-stretched length of 34cm. The cor-
rugations passing through the length of the cable gland were wrapped in polyfilm to
prevent pervaporation from this surface area. Outside of the chamber the tube en-
tered a PVC tube sealed with silicone sealant. One end of this tube was connected to a
supply reservoir placed on a load cell, whilst the other end was bunged. Thus the wa-
Figure 3.1: Diagram of the experimental setup for air box tests in which the tube was
enclosed in a humidity chamber with humidity conditions created using a saturated
salt solution.
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Test
number
Salt solution type Mass of
salt used
(g)
Repetition Equilibrium
relative
humidity
Humidity
observed
at probe
AT01 Lithium Chloride 90 1 11% 56%
AT02 Lithium Chloride 160 2 11% 58%
AT03 Calcium Chloride 175 1 33% 75
AT04 Calcium Chloride 300 2 33% 75
AT05 Magnesium Chloride 700 1 37% 78
AT06 Magnesium Chloride 700 2 37% 76
AT07 Calcium Nitrate 300 1 55% 84
AT08 Calcium Nitrate 400 2 55% 84
AT09 Sodium Chloride 230 1 76% 94
AT10 Sodium Chloride 230 2 76% 101
AT11 Potassium Chloride 400 1 85% 101
AT12 Potassium Chloride 200 2 85% 107
Table 3.1: Summary of air test experiments
ter in the tube was in approximately hydrostatic conditions, other than the small flow
rate due to the PV flux from the tube. The polypropylene box that formed the humid-
ity chamber was sealed around the lid with a foam sealant strip, clamped closed and
placed on a load cell. Cables exiting the box were sealed using cable glands. A tray
containing a saturated salt solution, and with excess salt, was positioned 4cm below
the tube and placed on a load cell to monitor the mass. The load cells were supplied
by Applied Measurements Ltd (Aldermaston, UK). The cells for the reservoir and the
salt solution had a 3kg maximum load (specification OBUG-3kg), whilst the mass of
the chamber was monitored using a cell with a 10kg maximum (OBUG-10kg). All
of the cells were fitted with aluminum platforms of appropriate dimensions. The
temperature and humidity probe was supplied by Michell Instruments (Ely, UK),
specification PC33-3-XX-T3-C (accuracy 3 for 30-80% RH).
The chamber was left for 24 hours before the start of the experiment to allow it to
reach a pseudo-equilibrium condition. A temperature and humidity probe positioned
below the tube monitored the state of the chamber. To start the test a tap between
the supply reservoir and irrigation tube was opened, allowing the tube to fill with
water. The bung at the far end of the tube was removed to purge air from the system
and replaced when the tube was filled with water. Thus some of the water exiting the
supply reservoir at this time did not remain in the tube. At the start of the experiment
data were collected for one hour at one minute intervals and for a further three hours
at five minute intervals. For ten hours before the irrigation started, and for the rest of
the duration of the experiments, the data were collected at fifteen minute intervals.
The data were collected using a National Instruments (Newbury, UK) NI USB-6210
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data logger connected to the LabVIEW software from the same supplier. A single
ended voltage measurement was made for each sensor as they all had a common
ground. Each data point was collected by sampling at a frequency of 10kHz for two
seconds and recording the mean and standard deviation of the measurement.
3.2.2 Results and discussion
Figure 3.2 shows a sample of raw data that were collected in the course of these ex-
periments. The initial change in the masses of the reservoir and soil box (observed at
t=0hrs) corresponded to the filling of the irrigation tube. Transient conditions were
evident for approximately the next eight hours. During this time the relative hu-
midity in the chamber increased, the temperature near to the tube decreased and the
measured masses of the reservoir and soil box changed at a faster rate than that of
the salt solution. After this time the system reached a quasi-steady state in which
the mass of water pervaporating from the tube was equal to that adsorbed by the salt
solution. In this state a humidity gradient between the tube surface and the surface
of the salt solution maintained diffusive transport through the air. The system was
not strictly at steady state as the excess salt in the salt solution was constantly dis-
solving, but this effect was small during the test period as excess salt was provided.
Thus, a quasi-steady state was maintained in the chamber. Slight variations in tem-
perature (following ambient laboratory conditions) continued to have a small effect
on the relative humidity in the chamber.
During the transient phase of the experiment the mass of water stored in the air
increased and this was seen as an increase in relative humidity in the chamber. How-
ever, the mass of water in the air is only of the order of a few grams and does not
explain the difference between the change in mass of the reservoir and the salt solu-
tion. The additional storage can be explained by membrane swelling, which occurred
due to the sorption of water into the tube. This swelling increased the diameter of
the tube and thus also increased the storage capacity for liquid water inside the tube.
This additional capacity was filled from the reservoir and explains the difference in
the mass change rate of the reservoir and the salt solution in the first five hours of the
test. The length of the tube also increased due to the swelling; to minimize the effect
of this the tube was stretched in its dry state before being clamped in position.
The flux from the tube in each experiment was estimated by fitting a linear rela-
tionship to the time series of reservoir mass when the system was in a quasi-steady
state. This is illustrated in Figure 3.2. The data from the reservoir mass was selected
as this was less sensitive to noise. Linear regression was performed using the MAT-
LAB function ‘robustfit’, implemented using iteratively reweighted least squares with
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Figure 3.2: Results for the air test experiments using a lithium chloride salt solution.
The change in mass measured by the three load cells is shown relative to the measured
value at t=10hrs. The mass change of the reservoir is plotted as a positive change to
allow comparison with the soil box data.
a bisquare weighting function. This function also provided an estimate of the param-
eter error. The calculated gradient gave the estimate of the mass flow rate, the error
in predicted value of these gradients was small and negligible compared to errors in
relative humidity. To convert to a flux it was assumed that the tube was equivalent
to a cylinder 53cm in length with a diameter of 2.6cm (corresponding to the external
diameter of the swollen tube).
Although the results from the experiment in Figure 3.2 show that the three sen-
sors measured the same rate of change of mass this was not the case in some of the
experiments. Figure 3.3 shows the results for the steady state time period identified
in the previous experiment for a further experiment that used a calcium chloride salt
solution. Whilst the changes in the reservoir and chamber mass converge the salt so-
lution mass changed at a slower rate. This could be the reality of the situation but it
is also possible that this apparent slower rate of change occurs for other reasons. For
example such an effect could occur due to non-linearity in the response of the load
cell (Appendix A.4). It is also possible that this effect could occur due to temporal
temperature variations in the chamber that result in varying condensation rates.
Figure 3.4 illustrates an issue that was encountered during data collection from
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Figure 3.3: Results from the air test experiments using a calcium chloride salt solu-
tion.
the load cells. External interference caused a sudden change in the mass recorded
by the load cells. In this example the frequency of the measurements was increased
to prepare for the start of another concurrent experiment. In fact this change in fre-
quency occurred around five minutes before the observed jump at approximately 48
hrs. The jump is due to some movement of the experiment that occurred whilst an-
other experiment was set up. Such a movement can cause a change in the distribution
of the weight of the whole system at the two contact points, namely the reservoir load
cell and the chamber load cell. Additionally, wires that connect sensors within the
setup may be displaced so that more mass is recorded by the load cells.
For the reservoir data a linear line, fitted using robust regression, had a slope of -
0.329 g/hr before the jump and -0.327 g/hr after the jump. For the chamber mass the
slope was 0.300 g/hr before the jump and 0.221 g/hr afterwards. The chamber load
cell after the jump was also clearly affected by some variation that occurred partly
due to the change in measurement frequency but also due to some residual vibra-
tion. The discrepancy between the mass change rate measured by the two load cells
is greater than that between the slope before and after the jump. For the reservoir
load cell this jump was therefore filtered from the results by adding a constant to the
results after the jump. For all of the experiments, the reservoir load cell was used to
approximate the fluxes because it provided more stable measurements. Whilst the
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Figure 3.4: Example of the effect of external interference on load cells.
jump in the results shown in Figure 3.4 occurred when there was recorded activity
on the setup, other comparable events occurred during the experiments. These pre-
sumably occurred due to the activity of other lab users, either by directly knocking
the experimental setup or by operating other machines that caused vibrations. Thus
unexpected jumps in the data with similar characteristics were also filtered to reduce
the impact of such affects on a continuous estimate of the flux.
Table 3.1 shows a summary of all the air tests conducted, detailing the salt solu-
tions that were used in each case. Figure 3.5 shows the results of these experiments
and demonstrates that the flux across the PV membrane varied significantly with the
surrounding partial vapour pressure as indicated by the relative humidity at 21oC.
For relative humidities greater than 75% (at the location of the probe) the relationship
between the humidity and the flux appeared to vary linearly, however the result for
the lithium chloride solution (in which the relative humidity reached approximately
60%) did not continue this trend. It is considered that the humidity measurements
greater than 100% were likely to have occurred due to probe error in highly humid
conditions. Note that despite the unexpected high humidity, the fluxes were consis-
tent with those in the duplicate experiments. A small flux was observed even at a
relative humidity of approximately 100%. In these conditions, under the action of
diffusion alone, the partial vapour pressure close to the membrane should be satu-
rated and no flux would be expected across the membrane. It is possible that this
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Figure 3.5: Relationship between the observed flux and humidity in air tests.
flux was observed due to temperature effects, as the temperature at the membrane
surface was slightly reduced by the evaporation of water. The slightly cooler, denser
air should therefore slowly sink, transporting water vapour with it.
When the relative humidity is close to 100% it is likely that the phase change
from liquid to vapour occurred at the external surface of the membrane. The flux
was then limited by the rate of diffusion of water vapour away from the membrane
surface. In experiments using salt solutions with lower equilibrium humidities the
maximum possible partial pressure gradient was increased, thus the rate of diffusion
increased. However, as the humidity decreased further to below 60%, the location of
the phase change may have retreated away from the external edge of the membrane
as suggested by Sumesh and Bhattacharya (2006). It is possible that such an effect
could have a highly non-linear influence on the flux. The observation that the tube
was visibly less swollen in the test using lithium chloride compared to the other tests
provides qualitative support for this suggestion.
Overall, the results from the air box experiments demonstrated the magnitude of
the vapour flux that can be achieved in humid conditions and show, as expected, that
there is an inverse relationship between the partial vapour pressure (as indicated by
the relative humidity) and the flux.
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3.3 Soil tests
3.3.1 Experimental method
Figure 3.6 shows the soil box setup used for experiments to quantify the flux of water
from the tube into dry soil. The setup was similar to the air tests described above
but the humidity chamber was twice the size and the PV tube was buried in soil. The
same load cells were used to monitor the reservoir and desiccant mass as for the air
tests. The combined humidity and temperature probe was positioned in the air gap
between the soil and the desiccant, as shown in the diagram. Photographs also show
how this setup was implemented with a desiccant (Figure 3.7) and with three parallel
tests (Figure 3.8).
This soil box setup was used to conduct three sets of tests; one set with varying
depths of sand, one set with different conditions in the humidity chamber and a final
set with three different soil types. All of the tests were conducted in conditions main-
tained at 211oC. In the first set of experiments the depth of the sand in the box was
varied. The minimum depth was 7cm (from the base of the box) and the maximum
was 15cm. The tube was consistently buried 5cm from the base of the box. All of
these experiments were conducted using sand and 100g of a calcium chloride based
desiccant (brand name ‘Drysac’, Superdry Superior Container Desiccant, Singapore).
For comparison, an additional experiment was performed using the same desiccant
but without any soil. In the second set of experiments the conditions in the humid-
Figure 3.6: Diagram of the experimental setup for soil box tests.
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Figure 3.7: Photograph of the experimental setup using ‘Drysac’ desiccant and sand.
Figure 3.8: Photograph of three experiments in parallel.
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Table 3.2: Summary of short soil experiments
No. Test code Soil type Chamber conditions Soil
depth
Rep Figures
SS01 AAnd00_1 no soil (air) no dessicant N/A 1 3.23 & 3.25
SS02 AAnd00_2 no soil (air) no dessicant N/A 2 3.23
SS03 AAsd00_1 no soil (air) ’drysac’ desiccant N/A 1 3.14 & 3.15
SS04 AAsd00_2 no soil (air) ’drysac’ desiccant N/A 2 3.14 & 3.15
SS05 AAcd00_1 no soil (air) CaCl salt solution N/A 1 3.15
SS06 AAcd00_2 no soil (air) CaCl salt solution N/A 2 3.15
SS07 FSnd10_1 fine sand no desiccant in chamber 10cm 1 3.19, 3.21, 3.22, 3.23 & 3.25
SS08 FSnd10_2 fine sand no desiccant in chamber 10cm 2 3.19, 3.21, 3.22 & 3.23
SS09 FSnd15_1 fine sand no desiccant in chamber 15cm 1 3.16 & 3.17
SS10 FSnd15_2 fine sand no desiccant in chamber 15cm 2 3.16
SS11 FSsd07_1 fine sand ’drysac’ desiccant 7cm 1 3.14 & 3.15
SS12 FSsd07_2 fine sand ’drysac’ desiccant 7cm 2 3.14 & 3.15
SS13 FSsd10_1 fine sand ’drysac’ desiccant 10cm 1 3.14 & 3.15
SS14 FSsd10_2 fine sand ’drysac’ desiccant 10cm 2 3.14 & 3.15
SS15 FSsd15_1 fine sand ’drysac’ desiccant 15cm 1 3.14, 3.15, 3.16 & 3.17
SS16 FSsd15_2 fine sand ’drysac’ desiccant 15cm 2 3.14, 3.15, 3.16 & 3.17
SS17 FScd07_1 fine sand CaCl salt solution 7cm 1 3.15
SS18 FScd07_2 fine sand CaCl salt solution 7cm 2 3.15
SS19 FScd10_1 fine sand CaCl salt solution 10cm 1 3.15
SS20 FScd10_2 fine sand CaCl salt solution 10cm 2 3.15
SS21 FScd15_1 fine sand CaCl salt solution 15cm 1 3.15 & 3.16
SS22 FScd15_2 fine sand CaCl salt solution 15cm 2 3.15, 3.16 & 3.17
SS23 FSoa15_1 fine sand lid removed from chamber 15cm 1 3.16
SS24 FSoa15_2 fine sand lid removed from chamber 15cm 2 3.16 & 3.17
SS25 TSnd10_1 top soil no desiccant 10cm 1 3.19
SS26 TSnd10_2 top soil no desiccant 10cm 2 3.19
SS27 SSnd10_1 saline sand no desiccant 10cm 1 3.19
SS28 SSnd10_2 saline sand no desiccant 10cm 2 3.19 & 3.20
SS29 GSnd10_1 granite sand no desiccant 10cm 1 3.21
SS30 CSnd10_1 coarse sand no desiccant 10cm 1 3.22
SS31 WW00_1 water N/A 10cm 1 3.25
SS32 WW15_1 water N/A 10cm 1 3.25
SS33 WW40_1 water N/A 10cm 1 3.25
SS34 WW80_1 water N/A 10cm 1 3.25
ity chamber were varied. One experiment was conducted without a desiccant in the
box, one with the ‘Drysac’ desiccant, another with a saturated calcium chloride salt
solution (instead of the desiccant) and a final test in which the lid was removed from
the box and the surface was exposed to the ambient laboratory conditions. This set
of experiments was performed in sand with a depth of 15cm. In the third set of ex-
periments five types of soil were used; fine and coarse marine sand, a garden top soil,
granite sand and a salinised marine sand. The saline sand consisted of marine sand
with added sodium chloride. The different soil types therefore included differences
in particle size distribution, organic carbon content, mineralogy and salinity. In this
set of experiments there was no desiccant present in the box and the soil was packed
to a depth of 10 cm. Table 3.2 provides a summary of all the short term soil box
experiments that were conducted.
Before each experiment the soil was dried in an oven at 105oC for 24 hours and
stored in an air tight container with silica gel desiccant to cool. Although this proce-
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dure reduced the soil water content far beyond the permanent wilting point (gener-
ally considered the minimum water content at which plants can grow), this dryness
represented possible field conditions in an arid or semi-arid environment. The soil
was packed into the boxes 1kg at a time and was compacted with a flat aluminum
pestle. The soil surface was then lightly scarified to improve the hydraulic connec-
tion with the next layer, following the method reported by Lewis and Sjöstrom (2010)
for dry soil packing. After some of the experiments, samples were taken from the soil
to determine the liquid soil moisture content. Two samples, each weighing approxi-
mately 200g, were taken from each box. These samples were taken from the top 1cm
of the soil and from the region immediately surrounding the PV membrane (i.e. less
than 1cm from the membrane). The soil water content was determined gravimetri-
cally by weighing the sample, drying it in an oven at 105oC for 24 hours, cooling it
in a desiccator and re-weighing the sample. As the changes in mass were small, an
analytical balance was used to ensure sufficient measurement accuracy. Gravimetric
water contents were converted to the equivalent volumetric water content using the
dry bulk density of each of the soil types (Table 3.3).
3.3.2 Soil characterisation
Several further analyses were carried out to characterise the soils. These were done
to quantify the following properties:
1. Soil salinity
2. Organic matter and organic carbon content
3. Particle size distribution (PSD)
4. Sorption isotherm
5. Soil water retention curve
6. Saturated hydraulic conductivity
Electrical conductivity was used as an indicator of soil salinity. The electrical
conductivity of each soil was measured by mixing a volume ratio of one part soil to 5
parts water (Shaw, 1999), shaking the mixture for a minute and allowing the solution
to settle. The results for these tests are shown in Table 3.3 along with the dry bulk
density which was targeted during the packing process. The results are shown only
for three soil types as experiments with the other two soil types, coarse marine sand
and granite sand, were not continued due to issues discussed in Section 3.3.3.
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Table 3.3: Properties of different soil types. Salinity was determined using a 1:5
soil:water volume ratio
Property Marine Sand Saline Sand Top Soil
Dry Bulk Density (kg/m3) 1600 1600 1000
Salinity (S/cm) 1.4  101 9.0  103 2.7  102
Organic Matter (%) 0.05 - 8.91
Carbon (%) 0.03 - 5.08
Tests to estimate the soil organic matter and carbon content were outsourced to
the analytical chemistry lab at Laverstoke Park Farm (Overton, Hampshire, UK).
The carbon content (FOC) was measured using a Vario MACRO Cube (Elementar,
Hanau, Germany) and the organic matter (SOM) was estimated from this value
(SOM = 1:72FOC).
Soil PSD was measured by one of two means. The fine sand PSD was measured
using a Coulter LS100 (Beckman Coulter Inc., High Wycombe, UK). In this method
a soil sample falls through a water column. Light is shone through the column and
scattering of the light is used to infer the particle size distribution. This method could
not be used for the top soil as some of the soil particles had a density less than that of
water. Also the coarse sand was too large for the detection range of the instrument.
These PSDs were therefore measured using a series of sieves mounted on a vibration
table and vibrated for ten minutes. As the fraction of salt in the saline sand was small
it was assumed that the PSD was comparable to that of the fine sand. Results are
shown in Figure 3.9.
The sorption isotherms for the different soil types were determined by two meth-
ods; desiccator experiments and using a vapour sorption analyser (VSA). The results
from the two were then compared. Desiccator experiments were performed by en-
closing soil samples in a series of desiccators (Dexter and Richard, 2009). Samples
were approximately 100g in weight. The relative humidity was maintained in each
desiccator by a saturated salt solution. The samples were allowed to reach equilib-
rium, a process which took between 2-6 weeks. The water content of each sample was
then determined gravimetrically. Gravimetric results were converted to volumetric
results using the dry bulk density. VSA experiments were performed by Labcell Ltd
(Alton, UK) using a Decagon Devices (Pullman, WA, USA) analyser. This device has
a chamber in which a soil sample is placed. The humidity in the chamber is changed
incrementally and the mass of the sample is monitored. The measurement limits are
between 10-90% relative humidity and the device monitors the change in mass rather
than the absolute mass. Thus the results from the desiccator experiments were used
to express the VSA results on an absolute scale (Figure 3.10).
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Figure 3.9: Particle size distribution of the sand and top soil. The particle size of
the sand was determined by laser diffraction using a Coulter, as the density of some
particles was close to that of water the particle size was determined by sieving.
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Figure 3.10: Soil sorption isotherms for a) fine sand and top soil and b) saline sand at
21oC. The results are shown for both measurement methods.
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Figure 3.11: Soil sorption isotherm for coarse sand compared to fine sand. Results
are shown for the desiccator experiments only as the VSA was not used to assess the
sorption of the coarse sand.
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Figure 3.12: Water retention in a) fine sand and b) top soil.
3.3. Soil tests 75
The soil water retention curve was measured by placing samples of soil (packed
at the same density as for the soil box experiments) onto a porous plate to which a
suction pressure was applied using a hanging column of water (Haines, 1930). This
method worked well in fine sand (Figure 3.12) but was more challenging to imple-
ment in top soil as the sample became swollen as water infiltrated into the soil. For
this reason the saturated water content may have overestimated the soil porosity in
dry conditions.
The hydraulic conductivity in the fine sand was measured using a constant head
method (Klute and Dirksen, 1986). To do this a soil sample was packed into a 5cm
layer on top of a porous plate within a soil column of 5cm diameter. A constant
head above the soil was maintained using a Mariotte bottle, a suction pressure was
applied to the based of the column using a hanging water column. The weight of the
Mariotte bottle and the mass of water collected at the drain from base of the hanging
water column was monitored. Two experiments were performed; one with an applied
pressure difference of 90cm and another with a difference of 41cm. The hydraulic
conductivity was approximated from these results using Darcy’s Law (White, 2006,
p112). The conductivity was approximated as 2x10 7ms 1 for the 90 cm test and
1.7x10 7ms 1 for the 41cm test.
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Figure 3.13: Data used to estimate the hydraulic conductivity of fine sand.
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3.3.3 Results and discussion
Figure 3.14 shows the rate of change of the relative humidity in the first set of soil
box tests, in which the depth of the sand was varied. For comparison, an additional
experiment was performed in air alone. The humidity was ‘normalised’ compared
to the initial and final values in the chamber thus the plotted ‘normalised’ humidity
(hn) can be expressed as
hn = (h  h0)=(h40   h0) (3.1)
where h0 is the initial relative humidity and h40 is the relative humidity at 40 hours
after the start of the test. This was done primarily because the commercial desic-
cant (‘Drysac’) that was used in the test did not reliably maintain the humidity in the
chamber at the same value between repeated tests, but the rate at which the humidity
changed between the initial to the steady state conditions was repeatable. When the
experimental system is implemented in air it is clear that all mass transport occurs in
the vapour phase. The presence of the sand decreased both the magnitude and speed
of the humidity response in the chamber. As the depth of the sand was increased
the rate of change of the humidity in the chamber decreased (Figure 3.14). The form
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Figure 3.14: Humidity change in the chamber after irrigation is commenced in sand
of three different depths (from the base of the chamber) and in air. Duplicates of each
experiment are shown. Note that in both of the tests with 10cm a sudden increase in
laboratory temperature caused a decrease in humidity.
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Figure 3.15: Comparison of humidity change in the chamber after irrigation is com-
menced in sand with different desiccant types in chamber. Experiments were per-
formed in duplicate, in three different depths of sand and in air. Plot (a) shows the
humidity observed using an anhydrous calcium chloride salt while plot (b) shows the
results for the commercial ‘Drysac’ desiccant (as in Figure 3.14).
of these curves suggests that a diffusive process still dominated mass transport, al-
though with a lower diffusion coefficient. In the experiment with the tube buried at
10 cm depth (i.e. in a 15 cm sand layer) an increase in humidity at the surface of
the soil was observed in less than two hours. This corroborates the observation from
field trials in which condensation was seen on the underside of a plastic mulch within
hours of commencing irrigation (Section 2.6.2).
The same experimental method was again implemented in different depths of
sand this time using an anhydrous calcium chloride salt rather than the commercial
desiccant ‘Drysac’ (Figure 3.15). The rate of increase of humidity in the chamber
was greater for the salt solution than for the commercial desiccant. When water
reached the calcium chloride salt an exothermic reaction occurred as the salt dis-
solved (Balmer, 2011, p577). Thus there was an increase in temperature within the
system . It is possible that increased the rate of diffusion and also caused some con-
vective flow. This could result in the faster humidity increase observed in the chamber
with the calcium chloride solution. This suggests that temperature gradients could
have a noticeable effect on the PV membrane and soil system.
A time series for the flux of water into the soil was estimated by approximating
the rate of change of the mass of the reservoir. To reduce the effect of noise the rate
of change was approximated using the data from a 24 hour period. This period was
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Figure 3.16: The effect of environmental conditions on the flux across the PV tube.
Four experiments are compared; one with no desiccant (nd), another with a calcium
chloride salt solution (cd), the third with the commercial desiccant ‘Super Dry’ (sd)
and the fourth in a chamber without a lid, left open to the atmosphere (oa). The
results for an independent repeat of each experiment are also shown. In the flux plot
the change in the reservoir mass is shown with no shading and the desiccant mass is
shaded in gray. The humidity at the probe located in the air above the soil.
chosen because there was an observable diurnal temperature variation in the labora-
tory. This variation occurred primarily due to sunlight directed into the laboratory
in the early morning. The fluxes were approximated as for the air box experiments
using the MATLAB function ‘robustfit’. Due to the chosen measurement window the
first approximation could be made at t=12 hrs. However, as the reservoir mass is af-
fected by the tube swelling, the flux approximated in the initial stages of the test is
artificially high, and should be neglected for at least the first 20 hours.
Figure 3.16 shows the results for the second set of soil box experiments in which
the conditions at the soil surface were varied. The median, interquartile range and
range of the fluxes and relative humidity are shown, outliers are neglected. All of
these experiments are performed in sand of 15cm depth. Without a desiccant the
flux across the PV membrane was lower than the flux when a desiccant was present.
However, when a desiccant was present, a significant proportion of the water traveled
through the sand and was adsorbed into the desiccant. Thus this water was not stored
in the soil. This demonstrates that without considering the vapour flow the soil mois-
ture available for plant uptake cannot be predicted. This finding is confirmed in the
last test when the lid was removed from the soil box. The flux out of the tube was
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Figure 3.17: Soil moiture probes a) 2cm to the side and b) 2cm above the PV tube
in an experiment in fine marine sand under different environmental conditions. cd
= calcium chloride desiccant, nd = no desiccant, oa = no lid on the chamber so soil
surface is open to atmospheric conditions.
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Figure 3.18: Soil moiture probes a) 2cm to the side and b) 2cm above the PV tube in
an experiment in fine marine sand with commercial ‘Drysac’ desiccant.
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comparable to that in the tests with a desiccant in the chamber, as was the average
relative humidity. It can therefore be surmised that not all of the mass that left the
tube remained in the soil and that some was lost to the atmosphere in vapour phase.
For the duplicate of each of these experiments capacitance probes were buried in
the soil to measure the liquid water content (Figure 3.17). In one of the experiments
these probes were also used in the initial test to consider the repeatability of the re-
sults (Figure 3.18). These capacitance probes record the number of times in a minute
that the capacitor is charged (this gives the RAW count). This RAW count is then
calibrated to the soil moisture content. The probes come with a standard calibration
relationship for different soil types, however in this case these standard relationships
indicated a negative water content in the soil. An attempt was also made to calibrate
these sensors specifically in the dry range in these soil types (Appendix A.5) however
the results were very sensitive to the contact between the probe and the soil matrix
and a repeatable relationship was not found. In these dry soil conditions the probes
are at the limits of their sensitivity. However the RAW results are included to show
the trends in the moisture content in the soil.
The results in Figures 3.17 and 3.18 demonstrate a general increase in the water
content particularly in the probes located to the side of the tube. However the results
were not repeatable between experiments (Figure 3.18). The initial swelling of the
membrane caused some soil displacement that affected the probe contact with the
soil shortly after the experiments commenced. The resolution of the sensors was also
clearly limiting as the measured water content increased in a stepwise fashion. These
sensors were therefore unreliable in this dry soil range and the data merely sufficed to
demonstrate that the magnitude of the increase in water content in the soil is small.
The moisture adsorption into sand is low thus it is unsurprising that vapour flow
is significant. Figure 3.19 shows the results of the final set of soil box experiments,
which compared the flux into marine sand to that into top soil and into salinised sand.
All experiments used a soil depth of 10cm and were conducted without a desiccant
in the chamber. The flux into the top soil varied with time and decreased over the
course of the test but remained higher than the flux into the sand throughout. The
relative humidity in the chamber above the top soil began to increase around 50 hours
after irrigation started, indicating that mass transfer into the atmosphere began to
occur at this time. The flux into the salinised sand was higher than into the other
two soils. As in the marine sand, the humidity in the chamber above the salinised
sand quickly increased when irrigation was started, but stabilized at a lower value of
approximately 80%.
The differences in the humidity profiles (Figure 3.19) can be explained by refer-
ring back to the sorption isotherms for the soils (Figure 3.10). At low relative hu-
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Figure 3.19: Comparison between flux into sand, top soil and saline sand. Note that
the flux calculation for the first 24 hours was affected by the initial filling of the tube
and is subsequent calculations may be affected by tube swelling. Duplicates of each
experiment are shown.
midities sand adsorbs very little mass (Figure 3.10), thus the humidity profile in the
sand increased quickly (Figure 3.19). The top soil adsorbs more mass at low humidity
and the rate at which the mass increases with humidity is also greater (Figure 3.10).
Consequently in the soil box test the increase in humidity was much slower than in
sand as more of the flux out of the irrigation tube was adsorbed in the soil (Figure
3.19). The sorption isotherm for the saline sand is particularly interesting as the sand
suddenly adsorbs more mass at a relative humidity of approximately 75%. Such an
increase in moisture adsorption due to the addition of salt is not unexpected as this
has also been observed in the isotherms of pure sodium chloride (Foster and Ewing,
2000) and salted food products (Comaposada et al., 2000). Consequently, in the ex-
periment in salinised sand, the humidity profile quickly increased to approximately
80%, but flux from the tube remains high as moisture was being adsorbed into the
soil.
After one of the tests in top soil and one in saline sand samples were taken from
from the soil to determine the soil water content. The initial water content in both
soils before the experiments started was close to 0m3/m3 after oven drying. Close to
the tube the water content was 0.037m3/m3 in top soil and 0.12m3/m3 in the saline
3.3. Soil tests 82
wetting front4c
m
Hole collapsed
Hole retained shape
Figure 3.20: Photograph of the wetting front in the saline sand, observable as a change
in color and consistency. The hole left after inserting a rod collapsed ahead of the
front but retained it’s shape in the wet sand. Plan view.
sand. In the top 1cm of the soil the water content was 0.026m3/m3 in top soil and
0.001m3/m3 in saline sand. Whilst the fluxes into both soils were of the same order
of magnitude, the distribution of mass was different. The water content in the top
soil was more distributed and remained below the residual water content of the soil
(aprroximately 0.08m3/m3 from Figure 3.12) and within the range of water content
measured during sorption experiments (Figure 3.10). However in the saline sand
there was clear evidence of a wetting front (Figure 3.20) and the water content close to
the membrane was greater than the residual value of 0.02m3/m3 (Figure 3.12). After
ten days the wetting front in saline sand extended approximately 4cm either side of
the tube, 3cm above the tube and reached the bottom of the enclosing chamber. The
absence of this front in the other two experiments is also significant, as it suggests
that flow throughout these soils only occurred in the vapour phase. In the saline sand
it is probable that some liquid flow occurred.
Similar experiments were also carried out in two other soil types; granite sand and
a coarser marine sand. Figure 3.21 shows a comparison between the results for fine
marine sand and granite sand. The humidity rose more slowly in the granite sand
and, as in other results, this coinsided with a higher flux than in the marine sand.
Experiments with granite sand were not continued because the swelling of the PV
tube caused observable cracks in the soil surface, reaching to the depth of the tube.
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Figure 3.21: Comparison of flux into fine marine sand and granite sand.
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Figure 3.22: Comparison of flux into fine and coarse marine sand. The observed
points are connected with lines to aid visibility.
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The geometry of these cracks affected the diffusion pathway from the membrane to
the humidity probe and could not be reliably replicated between experiments.
The coarse sand adsorbed less water than the fine sand in the sorption isotherm
tests (Figure 3.11), however the amount of water adsorbed in both cases was very
small. This was probably the reason why there was no discernible difference in the
flux between experiments in the two flux types (Figure 3.22). With these small flow
rates the experimental setup was operating at the limit of its achievable accuracy. The
limit of this accuracy is demonstrated by comparing the flux into fine marine sand to
the measured flux into an empty chamber (Figure 3.23). The flux was of a comparable
order of magnitude in both experiments, suggesting that the flux observed in the sand
occurred primarily due to other effects within the setup. One effect that would have
impacted the flux was condensation onto the walls of the chamber (Figure 3.24). This
occurred in both the sand experiments and those in air and occurred at one end of
the chamber. This suggests that there were slight temperature gradients within the
humidity chamber. It is possible that such temperature gradients were responsible for
the observed flux in both experiments. It is also possible that this flux was observed
for other reasons such as; continued tube swelling, a slight vapour leak from the
humidity chamber or the gradual removal of air bubbles from the PV tube. All of
these effects would results in the removal of water from the reservoir without the
mass reaching or remaining in the sand. Although the experiment was at the limit
of its accuracy when conducted in sand, these results demonstrated that the flux into
this medium was very small. Thus the comparison with the results in saline sand and
top soil (Figure 3.19) were still valid as the flux in these other mediums was increased
and the relative magnitude of these other effects (e.g. condensation) was reduced.
Previous experimental studies of a similar PV irrigation membrane demonstrated
that pressure driven flow affected the flux into the soil (Quiñones-Bolaños et al.,
2005b; Quiñones-Bolaños and Zhou, 2006). Although the pressures in these experi-
ments were low (15cm due to hydrostatic pressure), further experiments were con-
ducted to consider the possibility of pressure driven flow. In these experiments the
irrigation tube was submerged in water. The water level in the supply reservoir was
then varied and the mass change of the reservoir recorded. These experiments in-
dicated that some pressure driven flow occurred across the membrane (3.25). This
value was negligible compared to the flux into saline sand, and into top soil, as pres-
sure driven flow would account for 4% of the flow at most. However in the exper-
iments in sand pressure driven flow could account for as much as 60% of the flux
across the membrane. Pressure driven flow is therefore significant in some soil con-
ditions. It is possible that this flow occurs due to flaws in the membrane, either
distributed throughout the membrane or at more irregular locations. The experi-
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Figure 3.23: Comparison of flux into fine marine sand and into an empty box. The
observed points are connected with lines to aid visibility.
condensation
Figure 3.24: Photograph of the condensation that occurred at one end of the humidity
chamber during a test conducted in sand.
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Figure 3.25: The rate of mass change of the supply reservoir due to pressure driven
flow. The irrigation tube was submerged in water and a hydrostatic pressure was
applied across the membrane by increasing the level of the supply reservoir. A line
that corresponds to the flux observed in fine marine sand and in air are also shown.
irrigation tube, thus pressure driven flow was observed in more than one membrane
sample and could not have occurred due to one irregular flaw in the membrane. Tests
on further membranes to quantify the variability in pressure driven flow could help
to identify whether this effect is a feature of the membrane structure or occurs due to
irregularities within the membrane.
3.4 Long term soil tests
The experiments above quantified the flux from the PV tube in the short term, how-
ever irrigation takes place over a long time frame of several months. The initial condi-
tions (i.e. the dry soil water content) in the short term experiments were also extreme
and thus might have had a significant effect on the results. Longer term experiments
were therefore carried out over a period of 110 days to observe the changes in flux
over a longer period.
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3.4.1 Experimental method
The experimental setup was identical to that in Figure 3.6 but a desiccant was not
included in the chamber. The initialisation of the chamber and the soil followed the
method described in Section 3.3.1. These experiments were conducted for a duration
of 110 days using three soil types; fine marine sand, saline sand and top soil. Two
types of PV tube were used; one of these was identical to that used in the short term
tests whilst the other was made from the same polymer but had a different geometry.
The original tube had diameter of 26.2 mm and a membrane thickness of 700 m
whilst the second tube had a diameter of 56 mm and a membrane thickness of 50
m. The second tube was not corrugated (Figure 3.26). Five experiments were car-
ried out; three with the original membrane (in fine marine sand, top soil and saline
sand), and two using the thinner membrane (in fine marine sand and top soil). These
experiments are summarised in Table 3.4. Soil moisture probes were also included in
the tests. In the sand and the saline sand probes were located 2 cm to the side of the
tube and 2 cm above. In the top soil, as the data logger only supported 5 probes at
once, one probe was located 2 cm to the side of the tube.
Table 3.4: Summary of long term soil tests
Test no. Soil type Membrane thickness (m) Figures
LS01 Fine marine sand 700 3.27, 3.29 and 3.31
LS02 Saline sand 700 3.27, 3.28, 3.29 and 3.31
LS03 Top soil 700 3.27 and 3.29
LS04 Fine marine sand 50 3.32
LS05 Top soil 50 3.26, 3.32 and 3.33
3.4.2 Results and discussion
A comparison between the observed and simulated results using the thicker (700m)
membrane in all three soil types is shown in Figure 3.27. The experimental flux was
estimated from the slope of a line fitted by regression to the data collected over a
24 hr period for the mass change of the supply reservoir. To calculate the flux the
corrugations in the tube were neglected thus the tube was considered as a cylinder.
Two notable events had an unfortunate effect on the data collected during these
experiments. Firstly a slow leak developed in the tube supplying the top soil exper-
iment. This meant that additional water left the reservoir but did not enter the tube
and the recorded mass change of the supply reservoir was erroneously high. Data col-
lected during this period was therefore neglected. Secondly a larger leak meant that
the tube in the saline sand was not supplied with water during the final two weeks
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Figure 3.26: Photograph of the thin membrane tube during packing of the top soil
experiment. The tube was filled with water before packing to give it structure.
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Figure 3.27: Flux and humidity into three soil types over 110 days using tubing with
a membrane thickness of 700m.
of the test. Salt crystallisation was observed in the area where water leaked from the
tube (Figure 3.28). As the water fed into the tube was deionised this suggests that
that salt from the sand diffused against the direction of water flow into the tube.
Interestingly the fluxes observed in the sand and the top soil converged towards
the end of the experiments (Figure 3.27). The observed humidity in these two exper-
iments also converged in this period, as measured humidity in the chambers above
both soils reached a value greater than 100% (Figure 3.27). It is assumed that these
humidity results were erroneous and occurred due to condensation within the probe,
however it is clear that the humidity in the chamber was close to saturation. As the
humidity in the chamber above the soil was close to saturated then the humidity in
the soil pores surrounding the membrane must also have been at a similar level. Thus,
in both the sand and the top soil, when the humidity was close to saturated the flux
was low and of comparable magnitude.
Capacitance probes recorded the trends in water content throughout the exper-
iments (Figure 3.29). Changes in both the sand and the top soil were small. The
timing of the increase in the water content in the sand shows an interesting pattern,
which supported the observations from the short term experiments that a wetting
front moved through the soil (Figure 3.20).
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Figure 3.28: Evidence of salt crystallisation that occurred when water leaked from
the irrigation tube buried in saline sand.
At the end of the tests samples were taken from the top centimeter of soil, the
bottom centimeter and with a centimeter radius of the PV tube. The water content
of these samples was determined gravimetrically (Table 3.5). The saline sand was
noticeably wetter than the other two soils and darker regions of the sand could be
observed at the bottom of the sand layer. These darker areas were not homogeneous,
as horizontal bands could be observed. These bands probably occurred because the
soil was vertically compacted in this direction reducing the hydraulic conductivity
in this plane. The increase in water content at the base of the box indicated that
gravity driven flow had occurred, an observation that concurs with the capacitance
probe results. Both of these observations suggest that liquid flow occurred in this
experiment. In comparison to the saline sand the sand was remarkably dry. Only a
small region around the PV tube had sufficient water to give the sand structure when
a rod was inserted into it (Figures 3.30 and 3.31).
Experiments using a tube composed of a thinner membrane were conducted in top
soil and sand (Figure 3.32). The initial flow into both soil types was increased com-
Table 3.5: Volumetric water content (m3/m3) after 110 days in sand, saline sand and
top soil using tubing with 700m membrane thickness
Marine Sand Saline Sand Top Soil
Top 1cm 0.001 0.08 0.06
1cm radius of tube 0.004 0.17 0.07
Bottom 1cm 0.002 0.26 0.06
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Figure 3.29: Capacitance probe results in a) saline sand, b) sand and c) top soil. Note
that the scale of the y axis varies between the plots.
pared to the experiments conducted using a tube with a thicker, 700m membrane
and a smaller diameter. The humidity in the experiments with the thinner mem-
brane tubing also increased more quickly, corresponding to the higher mass flow of
water into the soil. However this increase in humidity reduced the flux into the soil,
and the flow into both soils converged on that observed in experiments with thicker
membrane after approximately 5 days. In the top soil, the volumetric water content
observed at the end of the experiments with thin membrane tubing was comparable
to that in the experiment with the thicker membrane (Table 3.6). However, in the
sand, the water content close to the tube was significantly higher (0.032m3/m3 as
opposed to 0.004m3/m3). It was noticeable in this experiment that the water content
varied along the length of the tube. More specifically the sand was particularly wet at
both ends of the soil box. At these points the tubing was bunched to allow the tube to
pass through a cable gland with a 28mm diameter. This greatly increased the surface
area of the tubing in a small region of the sand. Pressure driven flow in this region
could have therefore instigated liquid flow through the soil. Pressure driven flow is
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Figure 3.30: Photograph that demonstrates the dryness of the sand surface compared
to the saline sand. Wet sand retain the hole left by the insertion and removal of a rod
into the surface.
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Figure 3.31: Indication of increased water content in the sand close to the irrigation
tube
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also likely to have been more significant for this thinner membrane.
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Figure 3.32: The mass flow of water and the humidity above the soil in experiments
with thin, 50m membrane, compared to experiments with 700m membrane
Table 3.6: Summary
Marine Sand Top Soil
Top 1cm 0.001 0.06
1cm radius of tube 0.032 0.08
Bottom 1cm 0.003 0.06
The water inside the thin membrane tubing buried in top soil was noticeably dis-
colored at the end of the experiment. A UV spectrum of this water was compared to
that of a sample of soil water (Figure 3.33). This soil water was collected by immers-
ing a soil sample in deionised water for 24 hours and then filtering the mixture. The
similarity between the two spectra suggests that, as in the experiment in saline sand,
solutes from the soil were transported across the membrane in the opposite direction
to the bulk flow of water. The fact that this transport was not observed in the top soil
experiment with thicker membrane suggests that the membrane thickness prevented
this transport to some extent. However it is possible that this transport happened to
a lesser extent, thus the water inside the tubing at the end of the experiments should
be tested in any future experiments.
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Figure 3.33: UV spectra of the water found inside the tubing after top soil experi-
ment with thin membrane compared to soil water. The absorbance of the UV light is
normalised relative to the maximum value for each of the samples. The spectrum for
deionised water was subtracted from both results. The plotted spectra are the mean
results from three repetitions of the test. The soil water was obtained by immersing a
soil sample in deionised water for 24 hours, allowing solutes to dissolve. This mixture
was then filtered and the adsorbance of the water was tested.
3.5 Summary
To successfully apply PV irrigation systems in the field it is important to predict the
water that is likely to flow from the tube. The purpose of this study was to observe
the flux in different controlled conditions so as to understand the fundamental pro-
cesses that affect the interaction between the irrigation system and the soil. In sandy
soils the experimental setup was at the limit of its accuracy and this highlighted the
difficulties in using the mass change of a supply reservoir to infer the flux. Despite
this limitation this experimental work has shown that:
1. In air with humidity of approximately 100% the flux from the irrigation tube
is small, as the humidity decreases to 70% the flux from the tube increases
linearly. At lower humidities the flux may become limited by other factors and
may not increase further.
2. When buried in soil the tube is enclosed in an increasingly humid environment
which depends on the soil sorption characteristics. Soil with high water sorp-
tion at low relative humidity increases the amount of condensation in the soil
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which results in an increased flux from the tube. Hence the addition of sodium
chloride salt to sand increased the flux by an order of magnitude. A moisture
sorption isotherm is a useful predictor of this behavior.
3. Previous studies of PV water transfer into soils assumed only liquid transport.
This study has shown that vapour flow through dry soil is significant and affects
the distribution of liquid water throughout the soil and the flux of water from
the system. This vapour flow also leads to a loss of water to the atmosphere,
thus failure to account for this process can lead to an over estimation of the
soil moisture content. Hence the availability of water for plant uptake from the
soil cannot be predicted without considering vapour flow. Liquid flow can also
become significant if the rate of condensation into the soil is high, as was the
case in saline sand.
4. As the humidity in the soil increases the flow from the tube decreases, and this
increase in humidity occurs at low liquid moisture contents. Thus it is surmised
that flux from the tube in sandy soil only occurs in very dry soil conditions when
water is predominantly held by adsorption. As little liquid water is available
for plant uptake this raises an interesting question as to how the plants interact
with the vapour flow emanating from this subsurface irrigation source.

Chapter 4
Modelling work
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4.1 Introduction
In theory pervaporative (PV) irrigation is self-regulating, as a feedback mechanism
exists between the soil moisture conditions and the flux from the membrane. The flux
will increase in drier soil conditions when plants need more water and decrease in
wetter soil conditions when moisture is already available. Such a feedback response
is desirable for efficient application of water during irrigation and, in conventional
systems, has led to the practice of irrigation scheduling. During irrigation scheduling
the required flux is estimated by monitoring conditions in the atmosphere, soil or
plant. The flux is applied using manual or automated control of the irrigation system.
PV irrigation could therefore provide autonomous irrigation scheduling without the
need for monitoring or imposed control. However it is also necessary to ensure that
the irrigation system continuously provides enough water to sustain plant growth.
Thus the aim of the work presented in this chapter was to develop a model to quantify
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the flux from the membrane and the resulting soil water content in different soil
types.
In Chapter 3 experimental work suggested that vapour flow and condensation in
the soil have a significant effect on the performance of a PV irrigation system in soil.
Thus vapour flow processes must be considered when estimating the water available
for uptake by plants. Higher soil moisture contents that may allow connectivity in
the liquid phase and hence liquid flow were also observed in one soil type (saline
sand). Thus the condensation of the vapour phase leading to liquid flow must also
be simulated. As in the experimental work, the focus throughout this work is on the
irrigation supply rate that is established in the soil in the absence of plant roots - i.e.
conditions that occur during seed germination. The feedback between plant demand
and the system supply significantly complicate the problem, both experimentally and
in terms of the model, so are not addressed here. However, the model developed in
this research can provide a basis for future research into the interaction of the system
with plant roots.
To develop this model, standard methods for modelling water transport through
the soil are coupled with a simplified assumption about the behaviour of the PV
membrane in the soil. A previous model exists coupling these processes (Quiñones-
Bolaños and Zhou, 2006), however this model did not include vapour flow through
the soil and used a model of PV irrigation that simulated a liquid flux across the
membrane. The model presented here addresses these limitations. The new model is
solved numerically using a finite volume approach. This approach builds on existing
MATLAB finite volume implementation of Richards’ equation which is coupled to a
model of vapour flow through soil and a model of the pervaporative membrane.
The model performance is assessed by comparing the simulated results to exper-
imental data from the long term experiments performed in top soil, sand and saline
sand using two different thicknesses of membrane (Section 3.4). These data were
collected over a three month period, which could be considered to represent a grow-
ing season for an irrigated crop. The results from the long term experiments also
demonstrated a significant variation in the flux across the membrane in the differ-
ent soil types. For example, the flux out of the PV tube was higher in saline sand
than in marine sand that contained no sodium chloride. It was therefore necessary
to represent the differences in the soil types in the model. To do this the soil water
sorption characteristics were simulated and the model used to represent this charac-
teristic was parameterised using the data collected in sorption isotherm experiments.
A comparison between the experimental and simulated results was used to confirm
the applicability of the conceptual and mathematical models as well as to highlight
processes that might improve the model simulation.
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A direct comparison between the data observed in the experiments with the thin
and thick membranes was not possible because the radius of the two PV tubes also
varied. Thus, the geometry of the two experimental setups was different. The model
was used to compare the results of the two experiments by representing this change
in the radius of the tube. The simulation results were also used to consider the mod-
elling assumptions and assess their validity.
4.2 Model development
4.2.1 Conceptual model
The conceptual understanding of pervaporation is that mass can only desorb from
the membrane in vapour phase. Experiments to investigate liquid flux across the
membrane due to a pressure gradient (Section 3.3.3) demonstrated that, although a
small liquid flux occurred, this component of the flux was small compared to the
total flux observed in experiments performed in top soil and saline sand. Whilst the
pressure driven liquid flux could have affected the results in fine marine sand this is
not considered further at this stage. The decision to neglect this component of the flux
is discussed later in light of the modelling results. Thus, in this model it is assumed
that flux across the membrane occurs only in vapour phase. PV vapour flux is driven
by a difference in chemical potential gradient which for practical purposes is often
related to the concentration or partial pressure gradient across the membrane (Côté
and Lipski, 1988; Wijmans and Baker, 1993, 1995). However, pervaporation systems
are generally implemented with a partial vacuum or sweeping gas applied at the
external surface of the membrane. These conditions maintain the chemical potential
gradient across the membrane, keeping the flux high. When the partial pressure
is increased closer to saturation (Sumesh and Bhattacharya, 2006) or the sweep gas
velocity is reduced (Quiñones-Bolaños et al., 2005b) the flux across the membrane
decreases. It has been suggested that in these conditions the membrane becomes
saturated with water and that the phase change from liquid to vapour occurs at the
external surface of the membrane (Sumesh and Bhattacharya, 2006). When the PV
irrigation system is buried in the soil the flux away from the membrane is reduced
compared to that in air (Sule et al., In Press) because the air within the soil pores
becomes humid. In this model it is assumed that the conditions in the soil pores limit
the transport across the membrane and that the membrane becomes saturated with
water. Thus the membrane is considered as a source of vapour in equilibrium with
a flat liquid surface (i.e. at 100% relative humidity for these simulations, as the tube
contained deionised water).
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The initial, oven dry conditions in the soil in these experiments mean that the
soil water is retained by adsorption. The liquid phase within the soil is therefore
discontinuous and vapour flow through the soil is a significant transport mechanism.
In this model diffusive vapour flow is simulated, convective flows are neglected (as
temperature was maintained at 21 1oC for the majority of the experimental period).
The diffusion though the soil is assumed to be proportional to the rate of diffusion
in air but slowed by a tortuousity factor that represents the increased length of the
vapour pathway through the soil. The rate of condensation into the soil is defined
by assuming the vapour and liquid phases are in equilibrium. Although models that
explicitly specify the condensation rate have been developed (Bixler, 1985; Lozano
et al., 2008; Shahraeeni and Or, 2010), the assumption of equilibrium between the
phases is still commonly used in models of vapour flow (Saito et al., 2006; Bittelli
et al., 2008; Garcia et al., 2011). The validity of this assumption will be discussed in
light of the modelling results.
If condensation into the soil is sufficient, liquid connectivity may be established
allowing liquid flow to occur. Therefore a model of capillary liquid flow is also in-
cluded. Film flow of water along the surface of soil particles is not explicitly included
in the model.
4.2.2 Equilibrium between liquid and vapour phases
To implement this conceptual model it was necessary to represent the relationship
between the relative humidity in the soil and the soil water content mathematically.
Experimentally this relationship had been characterised in each of the three soil types
using sorption isotherm experiments (Section 3.3.2). Mathematically this relation-
ship was characterised in two stages; the first relating the relative humidity to the
soil matric potential and the second relating the matric potential to the soil water
content. The water potential is related to the relative humidity by the thermody-
namic expression (Phillip and de Vries, 1957):
p
psat
= h = exp
Mwg m
RT

(4.1)
This model has also been developed to include the effects of solute concentration. In
the presence of solutes the equilibrium equation becomes (Hillel, 1998, p151):
p
psat
=
c
csat
= exp

Mwg
 m + o
RT

(4.2)
Hillel notes that ‘strictly speaking  o should not be simply added to  m and  g
as if those terms were similarly applicable and mutually independent’. However he
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indicates that this can be ignored in practice if the soil solution is dilute enough and
if the solutes do not interact with the soil matrix to change the matric potential. Kelly
and Selker (2001) used this expression to determine the gradient in partial vapour
pressure driving a vapour flux in a soil with spatial variation in terms of the salt
concentration.
Various empirical models of the relationship between the matric potential and
soil water content were reviewed in Section 2.3.1. This review highlighted that many
of these empirical models do not adequately simulate the soil moisture content in dry
conditions when this moisture is held predominantly by adsorption. This occurs be-
cause some models (Brooks and Corey, 1964; van Genuchten, 1980) use the concept
of ‘residual’ water content, below which the soil moisture content can never drop. It
has been suggested that this ‘residual’ value represents the water content at which
water is held in the soil predominantly by adsorptive forces rather than capillarity
(Lebeau and Konrad, 2010). However alternative models have been developed specif-
ically to represent adsorbed water contents at low (i.e. highly negative) matric poten-
tials (Rossi and Nimmo, 1994; Webb, 2000; Groenevelt and Grant, 2004; Khlosi et al.,
2006). Webb (2000) used a log linear extension of the van Genuchten (VG) expression
to represent the adsorbed water content without the need for re-parameterisation of
the wet region:
 =
8>>><>>>:f (log10 m   log10 d) if l   m   dr + (s  r ) 11+j m= ejn m if m   l (4.3)
The value of  l is determined by assuming continuity in the gradient of the expres-
sion at  =  l , thus it can be determined by differentiating the two expressions and
equating them to each other. Webb (2000) suggested that the parameter  d be fixed at
a value of  106m so that a model that has already been parameterised in the capillary
range requires no further parameterisation. Here an alternative method to extend
the VG model is also suggested. This model uses a ‘double’ van Genuchten (DVG)
curve. Whilst the first curve represents the wet conditions the second curve extends
the relationship in the dry, adsorptive region:
 =
s  r
[1 + (1j mj)n1]m1 +
r
[1 + (2j mj)n2]m2 (4.4)
where 1, 2, n1 and n2 are fitted parameters, and m = 1  1=n.
Although this method requires two additional parameters, these were determined
using experimental data. Equations 4.3 and 4.4 were compared to the experimental
data collected in sorption isotherm experiments performed in sand and top soil (Fig-
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Figure 4.1: Comparison between the Webb and ‘double’ van Genuchten (DVG) mod-
els to extend the empirical van Genuchten (VG) relationship between matric potential
and soil water content into dry, adsorptive soil conditions. Results are shown for: a)
soil water retention in sand, b) sorption isotherm in sand, c) soil water retention in
top soil and d) sorption isotherm in top soil.
ure 4.1). The assumption that  d =  106m was relaxed in both cases. Whilst the
Webb model provides a good simulation of the adsorbed water content in the top
soil, it overestimates the water content in the sand. The Webb model cannot sim-
ulate both the residual water content observed in the capillary experiments (Figure
4.1c data from Figure 3.12) and the adsorption observed in the isotherm experiments
(Figure 4.1)d data from Figure 3.10). The additional flexibility of the ‘double’ van
Genuchten (DVG) model means that it can be parameterised to represent the water
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content in sand more closely. The DVG model was fitted to these results manually.
In the sand the parameters were chosen with particular attention to the model of
the moisture sorption characteristics above 80% humidity, since in the experimental
results a humidity above this value was recorded for over 99% of the experiment du-
ration. Similarly in the saline sand the humidity was greater than 60% for 99% of the
experiment so the sorption characteristics at higher humidity were prioritised in the
model fitting. As the experimental method involved soil wetting and hysteresis was
evident from the experimental results, the models were fitted to the wetting curve
rather than the drying curve. The model parameters are shown in Table 4.1.
Table 4.1: Parameters used to define the water retention in three soil types
Parameter Sand Saline Sand Top Soil
s (m3/m3) 0.29 0.29 0.35
r (m3/m3) 0.02 0.02 0.09
1 (m 1) 5 5 5
n1 (-) 3 3 2.5
2 (m 1) 0.05 0.05 0.02
n2 (-) 1.65 1.65 1.3
1 (m) - 3453 -
2 (m) - 3875 -
o (m 1) - 4 -
no (-) - 2.8 -
To simulate vapour transport in the saline sand it was also necessary to deter-
mine the osmotic potential. In this model the osmotic potential was inferred from a
relationship between the matric and osmotic potential in the saline sand. This rela-
tionship between the two potentials does not apply generally, however in this situa-
tion, when salt is evenly distributed throughout the soil, the osmotic potential corre-
sponds to a specific soil water content as the salt concentration at this water content
is a function of the salt concentration in the soil. Since the soil water content can also
be described as a function of matric potential the osmotic and matric potentials can
therefore be related to each other. The form of this relationship was inferred using
the data collected in the sorption experiments in sand and saline sand (Figure 4.2).
At each water content the difference between the observed equilibrium humidity was
assumed to occur due to the osmotic potential (Figure 4.3). The difference was cal-
culated for the value of the water content for each measurement point for the saline
sand isotherm. As the water content of the measurements in the sand did not corre-
spond to these values, the modelled relationship was used to quantify the humidity
in the sand at each water content. For a soil water content of  the matric potential
in the soil was calculated from the data for the sand using Equation 4.2 assuming
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that  o = 0. To quantify the osmotic potential, the total potential ( m + o) was then
calculated from Equation 4.2 using the results for the sorption tests in saline sand.
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Figure 4.2: Inferred relationship between osmotic and matric potential in the saline
sand. Parameters were obtained by fitting mathematical relationships to experimen-
tal data.
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Figure 4.3: The difference between the sorption isotherms for sand and saline sand
due to the osmotic potential.
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Figure 4.2 shows the relationship between the matric and osmotic potential in
the soil inferred from the method described above and also shows two models of the
relationship between the osmotic and matric potentials. The first of these is based
on an empirical expression developed by Schofield (Lawson and Lloyd, 1997) for the
equilibrium humidity above an unsaturated sodium chloride solution as a function
of the mole fraction of NaCl:
h = 1  0:5xNaCl   10xNaCl2 (4.5)
where xNaCl (mol/mol) is the mole fraction of sodium chloride in water. Assuming
that the soil wets uniformly and that all the salt within the soil is in contact with all
the water the mole fraction can be estimated as a function of the soil water content:
xNaCl =
NaClMNaCl
wMw
(4.6)
Then assuming that the saline solution becomes saturated above a certain value of
xNaCl the humidity in the soil can be calculated from:
h =
8>>><>>>:1  0:5xNaCl   10xNaCl
2 if xNaCl  xNaCl;sat
hsat if xNaCl > xNaCl;sat
(4.7)
In later discussion this expression is referred to as the Schofield relationship. For
an assumed salt content of 16g/kg (the value estimated for the sand experimentally)
this provides a good approximation of the results estimated from experiments (Fig-
ure 4.2). However the differential of this expression is discontinuous and would be
therefore be difficult to implement in a numerical model so an alternative expression
was fitted to the experimental results:
 o =
1
[1 + (oj mj)no ]mo   2 (4.8)
where 1 (m), 2 (m), o (m 1) and no are fitting parameters and mo = 1  1=no.
Equation 4.8 simulates the relationship well at matric potentials greater than -
0.5m and less than -2m but simulates a more gradual change in between these two
values (Figure 4.2). The parameters for this model were manually fitted to the exper-
imental results. The sorption isotherm simulated using this approach to model the
osmotic potential in the soil is shown in Figure 4.4.
4.2. Model development 106
0 20 40 60 80 100
10
−4
10
−3
10
−2
10
−1
10
0
Humidity (%)
W
a
te
r 
C
o
n
te
n
t 
(m
3
/m
3
)
 
 
VSA experiments
Desiccator experiments
Simulated relationship
Figure 4.4: Observed and simulated sorption isotherm for saline sand. Measurements
for the sorption were collected using desiccator experiments as well as a vapour sorp-
tion analyser (VSA) (Section 3.3.2)
4.2.3 Numerical model
In the Quinones-Bolanos and Zhou (QBZ) model of PV irrigation mass transport
of water through the soil was considered to occur only in liquid phase. They modelled
liquid flow using Richards’ equation for flow in unsaturated soils. The modelled flow
is driven by a gradient in hydraulic head throughout the soil. The QBZ approach
to modelling the flow from the irrigation system was therefore limited because it did
not account for vapour flows explicitly despite the fact that, due to the PV membrane,
the water enters the soil in vapour phase.
To address this limitation vapour flow through the soil is simulated using Fick’s
Law:
qv =  DeMw dcdL (4.9)
where qv (kg m 2s 1) is the mass flux of vapour, De (m2s 1) is the effective diffusion
coefficient,Mw (kg mol 1) is the molar mass of water, c (mol m 3) is the concentration
of water and L (m) is distance. To model diffusive flow through the soil the effective
diffusion coefficient must be approximated. Phillip and de Vries (1957) propose that
for diffusion through soils two factors are important: tortuosity increases the path
length, reducing the rate of diffusion; and an enhancement factor is required to allow
experimental data to be simulated. These two factors have opposite effects on the
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magnitude of the effective diffusion coefficient. They suggest that this enhancement
occurs due to micro-scale processes within the sand such as temperature gradients
from the bulk flow to the liquid surfaces and transport through liquid islets by con-
densation and subsequent diffusion. However the need for an enhancement factor
has been disputed and it has been suggested that careful coupling of the vapour and
liquid flows through the soil can render it unnecessary (Shokri et al., 2009). The dif-
fusion coefficient for water vapour through porous media can be calibrated using ex-
perimental results (Flury et al., 2009; Jabro, 2009) and is often assumed to vary with
water content of the soil, as this affects the pathways for vapour transport through
the soil (Hamamoto et al., 2012). However, in this model the effective diffusion coef-
ficient is assumed to be constant and proportional to the coefficient for water vapour
in air:
De = Da (4.10)
where  (-) is a parameter that represents the tortuosity andDa (m2s 1) is the diffusion
coefficient of water vapour in air (Da = 2:47 10 5).
Liquid flow may also occur simultaneously and could be significant in wet condi-
tions. The flux of liquid water through the soil is given by Darcy’s law:
ql =  Kw
 
d m
dL
+
dz
dL
!
(4.11)
where ql (kg m 2s 1) is the liquid mass flux, K (ms 1) is the hydraulic conductivity, 
(kg m3) is the density of liquid water,  m (m) is the matric potential head and L (m)
is distance.
The unsaturated hydraulic conductivity is modelled using the Mualem equation:
K = KsSe

h
1  (1  Se1=m1)m1
i2
(4.12)
Se = [1 + (j mj)n1] m1 (4.13)
whereKs (m s 1) is the saturated hydraulic conductivity and  (-) is a fitted parameter.
As Se tends to zero the simulated conductivity also tends to zero.
The problem is solved using a finite volume method. The mass of water,M (kg),
within a control volume (i.e. grid cell), V (m3), is given by:
M = cMwV (s  ) + wV (4.14)
Differentiating with respect to time and using the chain rule to relate the mass change
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to the change in  m yields:
dM
dt
= (s  )MwV dcd m
d m
dt
+ (   cMw)V dd m
d m
dt
(4.15)
From continuity, the change in mass is equated to the mass flux into the finite volume
cell, giving:
(s  )MwV dcd m
d m
dt
+ (   cMw)V dd m
d m
dt
=
Z S
(ql + qv)dA (4.16)
where S denotes the surface surrounding the finite volume and A (m2) is the area of
this surface.
Thus:
d m
dt
=
R S
(ql + qv)dA
(s  )MwV dcd m + (   cMw)V dd m
(4.17)
where the rates of change of , c and  o with respect to  m are defined by differenti-
ating Equations 4.4, 4.2 and 4.8, respectively:
d
d m
=
m1n1(s  r )(1j mj)n1
 m[1 + (1j mj)n1]m1+1 +
m2n2r(2j mj)n2
 m[1 + (2j mj)n2]m2+1 (4.18)
dc
d m
=
 
1 +
d o
d m
!
csat
Mwg
RT
exp
 
Mwg( m + o)
RT
!
(4.19)
d o
d m
=
mono1(oj mj)no
 m[1 + (oj mj)no ]mo+1 (4.20)
The liquid and vapour fluxes are defined by equations 4.9 and 4.11, discretised
for each edge of each finite volume cell. This equation was then solved using MAT-
LAB ode15s. The mathematical problem above was implemented by adapting code
previously developed by Dr Andrew Ireson. This code provided as a basis for the
numerical structure of a generic finite volume solution.
The mesh for the numerical solution was generated in MATLAB using Delaunay
triangulation implemented using DistMesh by Persson and Strang (2004), which gen-
erates a mesh generally used for a finite element model. To maintain the mesh quality
for a finite volume solution the node locations for the triangulation were retained.
Thiessien polygons were generated around each of the nodes to determine the re-
gion for which the solution at each node is an approximation. The lines that join
these polygons represent the edges of each element, across which flux to and from
the neighbouring volumes occurs. As the problem is symmetrical about the central,
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vertical line the grid was generated for only half of the domain. Further information
on the development of this mesh is given in Appendix B.
The model domain included both the soil and the air within the chamber. Nat-
urally, within the air no liquid flow or storage was simulated. At the interface be-
tween the soil and air mass exchange occurred only in the vapour phase as simulated
by Fick’s Law for diffusion (Equation 4.9). The membrane surface was simulated as
a 100% relative humidity surface, and for all other boundaries a zero-flux bound-
ary condition was imposed (Figure 4.5). The initial conditions were defined using
the relative humidity measured in the chamber above the soil after an initialisation
period. It was therefore assumed that the system was in equilibrium before the ex-
periment started. The initial conditions were different in the three soils because a
small amount of water was adsorbed to the soils during the packing process, during
which the soils were exposed to atmospheric humidity conditions for a short period.
Whilst in top soil this small amount of adsorption corresponded to a tiny increase in
relatively humidity in sand and saline sand this small amount of adsorption caused a
greater increase in the equilibrium relative humidity.
4.2.4 Calibration
Much of the parameterisation (i.e. the parameter values in Table 4.1) for the model
was performed using the data from the sorption isotherm tests however some further
calibration was also necessary to determine the remaining parameter values. The
value for the diffusion coefficient for water vapour in air (Da = 2:47  10 5) was es-
timated from an expression derived by Bolz and Tuve (1976) assuming a constant
temperature of 21oC.
The other model parameters (Ks,  and ) were estimated by fitting the simulated
results for the humidity and flux to the experimental data collected during the long
term soil box experiments. The tortuosity parameter for was determined by gradu-
ally decreasing the value from one towards zero and manually fitting the simulated
humidity profile to that observed in the experiments.
In the saline sand (the only soil type in which liquid flow was simulated) the
parameters to determine the unsaturated hydraulic conductivity were estimated by
manually fitting the simulated flux and humidity to the data (Table 4.2). There is
uncertainty both in these parameter values and in the model structure of Mualem
(Equation 4.12), which has been shown to underestimate hydraulic conductivity in
dry soil conditions (Lebeau and Konrad, 2010). However this representation of hy-
draulic conductivity is used to demonstrate that liquid flow becomes important in the
saline sand. The fitted value of saturated hydraulic conductivity (1.2 x10 7 ms 1) was
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Figure 4.5: Diagram of the boundary conditions used for the numerical solution.
lower than the value measured (1.8 x10 7 ms 1) described in Section 3.3.2, however
this difference between the measured saturated conductivity and the value obtained
by using the saturated conductivity as a fitting parameter in a model of the unsat-
urated hydraulic conductivity has also been observed by others (Schaap and Leij,
2000). Also, the sand did reach saturated conditions during the experiments thus the
‘saturated conductivity’ parameter was merely used as a fitting parameter.
The final piece of information that was required to implement the numerical so-
lution was the initial conditions in the soil. The initial conditions used in each of the
simulations (Table 4.2) represented the relative humidity observed in the humidity
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Table 4.2: Conductivity parameters and initial conditions for three soil types.
Parameter Sand Saline Sand Top Soil
 (-) 1 1 0.5
Ks (ms 1) - 1.2 x10 7 -
 (-) - 0.1 -
Initial RH condition (%) 40 42 0.01
chamber at the beginning of the experiments, after an initialisation period. These
values were different between soil types because moisture was adsorbed into the soil
during the packing process. In sand and saline sand the small amount of water dur-
ing this process increased the equilibrium humidity significantly, to approximately
40%.
4.3 Results and discussion
4.3.1 Model performance
To assess the model performance the simulation results were compared to experimen-
tal data from the long term experiments in the top soil, sand and saline sand (Section
3.4). During these experiments a PV tube was buried in a box of soil and filled with
de-ionsied water. The flux across the PV membrane in each soil type was estimated
by monitoring the decrease in mass of the supply reservoir. Whilst the flux observed
into the sand and the top soil was low (less than 110 4 m3/m2day), the flux into the
saline sand was higher (approximately 310 4 m3/m2day). The water content in the
saline sand (estimated by taking a soil sample at the end of the experiment) was also
much higher than in the other soil types and suggested that liquid flow had occurred
in this soil type. The simulated results obtained for the thicker (700m) membrane
in three soil types are shown in Figures 4.6 and 4.7. In the saline sand the model is
tested once assuming only vapour flow occurs and again including liquid flow.
When liquid flow is not included the model underestimates the flux (Figure 4.6),
humidity (Figure 4.7) and water content (Figure 4.8) in the saline sand. Inclusion
of liquid flow in the simulation of the saline sand improves the results of all three
of these values. This suggests that liquid flow affected the performance of the PV
irrigation system in the saline soil.
Figure 4.9 shows the same results as Figure 4.8 however the results are converted
from water content to the equivalent relative humidity using equations 4.1 and 4.4.
The simulated relative humidity compares well to the humidity calculated from the
observed water content in the top soil and in the saline sand (when liquid flow is
included in the simulation). In sand the relative humidity is over estimated corre-
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above the soil using the thicker 700m membrane. Legend as for Figure 4.6.
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Figure 4.8: Contour plots of the simulated water distribution in the soil at the end of each test in a)
sand, b) top soil, c) saline sand assuming no liquid flow and d)saline sand with liquid flow included.
Point vales show the measured water content in the soil in this region.
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sponding to the fact that the soil moisture content is also over estimated. It should
also be noted that the conversion of the liquid moisture measured in the soil to the
relative humidity is sensitive to the simulated sorption isotherm (Figure 4.1). Due to
the range of soil moisture contents observed in the sand the conversion will be par-
ticularly sensitive to the simulated relationship at relative humidity values between
90-100%. However, as there is little data within this region, due to the limitations
of the experimental methods, this is the region of the curve in which there is the
least confidence. Thus there is some uncertainty in the equilibrium values of relative
humidity calculated from the soil moisture content.
The similarity between the observed and simulated results in all three soils sup-
ports the basis of the conceptual model described above. The humidity in the air
chamber was particularly well simulated, especially in the top soil (Figure 4.7). In
the sand the humidity in the air was initially overestimated, presumably because it
takes time for the membrane to become saturated with water. In the long term the
humidity was underestimated however the measured humidity in the chamber at this
time is greater than 100% which is assumed to occur due to probe error because of
condensation within the probe chamber. In the saline sand (when liquid flow was
included) the model simulated an initial plateau in the relative humidity at around
78% and a later increase. The magnitude of the simulated increase was not as pro-
nounced as the experimental increase but both increases occurred at a comparable
time. The flux of water from the membrane into the saline sand was well represented
when liquid flow was included in the model.
However there are also features of the experimental results that are not replicated
in the simulations, mainly in the flux results. In all three soil types, the simulated
results underestimate the flow rate (Figure 4.6), particularly in the initial phase of
the experiments. The experimental results from this period could have been affected
by membrane swelling. When the PV membrane adsorbs water it swells significantly
and this increases the diameter of the tube and the mass of water stored inside it.
However, previous research indicated that this swelling would only affect the data
collected in the first 5 hours (Section 3.2.2). Also as the diameter of the tube increased
from 23.1mm to 26.2mm during swelling the maximum increase in storage due to
swelling was 64mL. During the first 15 days of the top soil experiment the model un-
derestimated the volume that had left the reservoir tank by 172mL. Therefore the un-
derestimation in the simulated flux cannot have occurred due to swelling alone. An-
other potential source of experimental error was small temperature gradients (2oC)
that occurred both temporally and spatially. In the experiments conducted in sand
condensation was observed at one end of the air chamber. This condensation could
account for the fact that the flux into the sand was slightly underestimated during
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modelling whilst the soil water content was slightly overestimated.
Two features that are not included in the conceptual model of soil water flow
could account for the discrepancies between the experimental and simulated results
in top soil and sand: non-equilibrium between the liquid and vapour phase and film
flow at low liquid water content. Non-equilibrium between the phases could initially
retain more of the water in the vapour phase. This phase is highly mobile and could
quickly distribute the water over a wider region of soil, making use of the adsorptive
capacity of the soil more quickly. Film flow is likely to have affected the experiments
in both top soil and saline sand as this can occur at a lower water content than cap-
illary flow. Equation 4.12 is known to underestimate the hydraulic conductivity at
low water contents (Lebeau and Konrad, 2010). Further work should look to include
an improved representation of the hydraulic conductivity in this region, potentially
using models such as those of Lebeau and Konrad (2010) and Zhang (2011). An im-
proved representation of the hydraulic conductivity would affect the simulation of
both the flux and the water content in the soil.
Although there are aspects of the model simulations that could be improved, the
simulations of the experimental results suggest that the model described above can
be used to estimate the flow from a PV irrigation tube. The sorption isotherms of the
soils provide useful information that can also be used to indicate soils in which liquid
flow is likely to occur.
The assumption that transport through the membrane is not a limiting factor on
the irrigation flux into the soil (and that the membrane acts as a 100% humidity sur-
face) can be further examined by comparing the results of experiments performed
with membranes of different thicknesses (Figure 4.10). If the transport of water was
limited by the membrane thickness, slower transport would be expected across the
thicker membrane. Unfortunately the diameters of the membrane tubes were differ-
ent and the soil was not packed to the same density in each experiment with different
membrane thicknesses, and therefore the experimental results are interpreted with
the aid of simulations. The difference in the tube diameter is simulated by using an-
other numerical mesh, generated using the dimensions of this tube. The change in the
packing density was represented by altering two parameters, s and r . The porosity
of the soil was increased by the reduced packing density, so s was increased, however
the adsorbed water content per unit volume corresponds to the surface area within
that volume. The surface area per unit volume was reduced because of the reduction
in packing density, so to simulate this the parameter r was reduced. The same mass
of soil was used in the experiments for both the thick and thin membranes. As the
depth of the soil in the experiments with thin membranes was increased to 130mm
the packing density was reduced to approximately 86% of its previous value. Thus,
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the parameter values for these simulations were calculated using 0s = s=0:86 and
0r = r  0:86. The reason for altering the parameter s is that the porosity affects
the diffusion through the soil. Although these parameters also affected the simulated
capillary water content in the soil, the water content in the simulation remained be-
low residual and was held within the soil by adsorption, thus changes to the capillary
water retention should not have had a significant effect on the simulation.
A comparison between the experimental flux rate for the two membrane thick-
nesses in top soil shows that the flux was initially greater for the thinner membrane
(Figure 4.10). Correspondingly the humidity in the chamber increased more quickly
in the thinner membrane tests. Without considering the modelling results, both of
these observations suggest that the membrane thickness might be significant. How-
ever, simulation results suggest that in fact these differences occur primarily due to
the change in the packing density and the diameter of the tube (from 26.2mm for
the tube made from the thicker membrane to 56mm for the thin membrane tube).
These effects account for the more rapid increase in relative humidity. Also, although
both simulations underestimate the flux, the time to approximate convergence of the
flux in the thin and thick membrane systems is approximately six days in both the
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Figure 4.10: Experimental measurements and simulations of a) flux and b) humidity
in top soil for PV tubes with membrane thicknesses of 50m (thin) and 700m (thick).
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Figure 4.11: Simulated and observed water content at the end of experiments in a)
sand and b) top soil using 50m (thin) PV membrane tubing. The observed water
contents are shown at three point locations, contours show the simulated results. The
x and y axes define the geometry of the soil box.
observed and simulated results and the magnitude of the increase in flux rate across
the thinner membrane was also predicted. The water content in the soil around the
thinner membrane was reasonably well predicted (Figure 4.11b) and is underesti-
mated by approximately the same amount as the water content for the experiment
with the thicker membrane (Figure 4.8b). This suggests that, for membranes thinner
than 700m, the flow rate is independent of the membrane thickness and is affected
only by the humidity conditions in the soil immediately surrounding the tube. This
finding suggests that the assumption of a 100% relative humidity surface at the ex-
ternal edge of the membrane is valid in these simulations.
The results for the simulation of the experiment in sand are less encouraging as
the increased rate of humidity increase in the chamber was not replicated (Figure
4.12). However in this case it is likely that the tube thickness had an effect in the ini-
tial stages of the experiment, whilst the membrane was adsorbing water. The thicker
membrane should theoretically take longer to become saturated with water and this
may have increased the time before water was initially released into the soil. This
simulation also fails to predict the increase in soil moisture content that occurred in
the sand during the experiment with the thin membrane (Figure 4.11a). The pro-
cess driving this increase in water content in the soil is clearly not represented in this
model. It is possible that this increased flow occurred due to an increased rate of
pervaporation however the increase in water close to the membrane could also have
occurred due to pressure driven liquid flow. Such flows were observed in experiments
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Figure 4.12: Experimental measurements and simulations of a) flux and b) humidity
in sand for PV tubes with different membrane thicknesses: 50m (thin) and 700m
(thick).
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with thicker membranes (Section 3.3.3). The decrease in membrane thickness is likely
to have increased this effect as connected pathways across the membrane could form
more easily.
4.3.2 Model sensitivity
To simulate the results presented above an assumption was made that the diffusion
parameter was constant and proportional to the diffusion coefficient in air. Enhance-
ment factors of up to 18 times the diffusion in air have been found in other exper-
imental studies (Shokri et al., 2009). Figure 4.13 shows the effect of increasing the
diffusion parameter to a value of Da = 2:47 10 4, ten times the diffusion coefficient
of water vapour in air, for the experiment with the thicker membrane in top soil. The
increase in the diffusion parameter resulted in an improved simulation of the flux
across the PV membrane (Figure 4.13a), however the humidity above the soil was
then poorly simulated (Figure 4.13b) and the soil water content was slightly overesti-
mated (Figure 4.14). Since the inclusion of an enhancement factor only resulted in a
positive change in the simulated flux rate it is unlikely that flow ‘enhancement’ is the
reason that the flux was underestimated by the model.
The model was also somewhat sensitive to changes in the simulated sorption
isotherm for the soil (Figure 4.15). When the water content adsorbed into the soil
was increased (simulated by increasing r for parameter set 3 in Table 4.3) the flux
into the soil was increased. Other parameter variations that increased the amount of
water adsorbed into the soil at high suction pressures (i.e. humidity less than 99%)
also increased the simulated flux into the soil. These changes in parameters also affect
the simulated humidity to some extent.
4.3.3 Salt concentration
The mass of salt added to the sand (16g/kg) represents soil conditions that would
inhibit uptake of water by plants. It would also be useful to consider how the PV tube
would perform at lower salinity levels. To consider this, Equation 4.8 was fitted to the
Schofield relationship (Equation 4.7) for a lower salt content of 6g/kg (Figure 4.16).
The water content simulated in the sand adjacent to the PV tube decreases for the
simulation in sand with lower salt content (Figure 4.17). However, the water content
even at this lower level of salt was increased by an order of magnitude compared to
the sand in which no salt was present. Even small concentrations of salt in the soil
are therefore likely to affect the flux across a PV membrane.
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Figure 4.13: Demonstration of the sensitivity of the model to diffusion coefficient,
considering a) simulated flux and b) simulated relative humidity.
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Figure 4.14: Simulated water content in top soil with a) De = 0:5 Da and b) De =
10Da. The x and y axes define the geometry of the soil box.
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Figure 4.15: Demonstration of the sensitivity of the model to simulated sorption
isotherm.
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Table 4.3: Parameters used to demonstrate model sensitivity to sorption isotherm.
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for sand with a salt content of 6g per kg soil. The parameters were those in Tables 4.1
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4.4 Summary
In this chapter an understanding of PV irrigation developed from experimental re-
sults has been further developed into a mathematical model of the process. To do this
it was assumed that water can only desorb from the pervaporation membrane and en-
ter the soil pores in vapour phase. This water vapour then diffuses and condenses in
the soil and if condensation is sufficient liquid flow may also occur. In the mathemat-
ical model it was assumed that the transport across the membrane was not limited
by the membrane properties but by the transport of water away from the membrane
through the soil. Thus the membrane was represented as a 100% humidity boundary.
It was also assumed that condensation occurred instantaneously to maintain equilib-
rium between the vapour and liquid phases. The equilibrium condition was defined
by an empirical relationship fitted to data from soil moisture sorption experiments.
Simulations of the flux, humidity and soil moisture content in three soil types
were compared to the results of experiments designed to test the performance of the
model. The model successfully simulated the humidity changes observed above the
soil and, in the longterm, the flux from the PV tube. The simulated soil water contents
also showed distributions of soil moisture similar to those observed in experiments.
The success of the model in simulating these results supports the proposed concep-
tual understanding that vapour flow affects the transport of water through the soil
from a PV membrane. This model can therefore be used to predict the flux from a PV
irrigation system in different soil types, using the results of sorption isotherm tests in
these soils. The model is sensitive to the simulated sorption isotherm of the soil, par-
ticularly if there is salt in the soil. The diffusion coefficient must also be determined
and both the simulated humidity and flux are sensitive to this parameter value. The
model underestimated the flux in the initial stages of the experiments. It is possible
that further improvement to the model simulations could be achieved by considering
an improved representation of temperature effects and liquid flow at low soil water
contents, as well as considering the possibility of non-equilibrium between the liquid
and vapour phases.
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Figure 4.17: Modelling results showing soil moisture content close to the PV mem-
brane in soils with different salt contents. 16g/kg corresponds to the concentration
in the experiment with saline sand.
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5.1 Summary
The research presented in this thesis was carried out to improve the understanding
of water transport through soil from a pervaporative (PV) irrigation system and to
develop a quantitative model of this process. In Chapter 2 relevant scientific under-
standing of pervaporation, water flow through soils, plant water uptake and irriga-
tion was drawn together to complement the smaller body of research specifically on
the topic of PV irrigation. This review highlighted that this irrigation application
pushes the boundaries of scientific understanding on two fronts; firstly it uses a PV
membrane in humid, soil conditions whereas generally PV systems are operated in
optimised conditions that drive significantly higher flux rates, and secondly, unlike
any other irrigation system, it supplies water to the root zone in vapour phase. It was
therefore hypothesised that the vapour phase plays a significant role in the behaviour
of the system. However, vapour flows through the soil had not been considered in
previous studies. Thus, the main focus of this research was to investigate the sig-
nificance of vapour flow through soil from a PV irrigation tube. The research also
aimed to quantify the flux from the PV tube in different soil types and under differ-
ent humidity conditions. The research was divided into two programmes of work,
one experimental and one modelling. The experimental work aimed to quantify the
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the flux from a PV irrigation tube in different environmental and soil conditions and
so to develop a conceptual understanding of PV irrigation. The modelling work used
this conceptual understanding to develop a numerical model of PV irrigation which
was assessed by simulating experimental results. In this thesis the results of the ex-
perimental work are presented in Chapter 3 and the modelling work is presented in
Chapter 4.
The first stage of the experimental programme was to develop an experimental
setup that allowed the vapour flow through the system to be observed and quantified.
This was achieved by enclosing the irrigation tube within an air tight chamber, pre-
venting any gas exchange with the surrounding environment. The conditions in this
chamber were monitored to quantify the temporal variation in humidity and temper-
ature. Two configurations of this experimental setup were used. In the first configu-
ration the chamber was filled entirely with air and the humidity in the chamber was
altered by the presence of a saturated salt solution. These experiments (referred to
as the air tests) were designed to observe the flux from the membrane in conditions
dominated by diffusion. In the second experimental configuration (the soil tests) the
irrigation tube was buried in a layer of oven dried soil. The soil type was varied as
were the conditions in the air above the soil. The aim of these experiments was to
observe vapour flows through soil and to investigate the effect of different soil types.
The results from the air tests showed that in humid conditions the flux from the
membrane was linearly proportional to the humidity in the chamber and decreased
with increasing humidity (Figure 3.5). Three series of experiments were then per-
formed with the PV tube buried in soil for a duration of 10 days (Table 3.2). The first
series of these short term experiments was performed in sand of different depths and
compared to an additional experiment in air. During these experiments the increase
in humidity in the chamber (i.e. above the sand layer) was monitored for a period
of 10 days after the PV tube was filled with water. The time series of the humidity
change in the test performed in air showed a rapid increase in humidity from 20% to
100% within the first 4 hours (Figure 3.14). The presence of sand reduced both the
magnitude and speed of the humidity response in the chamber. As the depth of the
sand was increased the rate of change of the humidity in the chamber decreased. The
form of the diffusion curves observed in these experiments (Figure 3.14) suggested
that a diffusive process still dominated mass transport thus confirming the hypoth-
esis (Section 1.3) that transport in the vapour phase affects the way a PV membrane
functions in soil.
The second series of short term experiments was carried by varying conditions
in the chamber. The conditions above the sand were altered in four ways: using a
desiccant; using a saturated calcium chloride solution; closing the chamber without
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any desiccant; and removing the lid from the chamber to allow gas exchange with
the surroundings. The flux from the PV tube in the experiments with no desiccant
was approximately half of that observed in all the other conditions because the hu-
midity in the chamber was higher ( 100% , Figure 3.16). In the experiments with a
desiccant or salt solution in the chamber, the flux was increased however, approxi-
mately 75% of the flux entering the chamber was adsorbed into the desiccant. Thus,
despite the higher flux, the water content remaining in the soil was less than in the
experiments with no desiccant. In the experiments performed without a lid on the
chamber (Figure 3.16) the flux leaving the supply reservoir and the humidity above
the soil layer was approximately the same as when either the desiccant and salt so-
lution were present in the chamber. This indicated that not all of the flux across the
irrigation tube remained in the sand. Hence, if the vapour flux lost to the atmosphere
is not quantified, the soil moisture content available for uptake by plants cannot be
estimated.
The third series of short term experiments investigated the effect of soil type on
the performance of the PV system. Experiments were performed using five differ-
ent soil types; fine marine sand, coarse marine sand, fine marine sand with added
sodium chloride, granite sand and top soil. Experiments with granite sand were not
pursued as cracks formed in the sand due to the swelling of the PV tube in the initial
stages of the experiments. The results for coarse sand were indistinguishable from
those for the fine sand thus these were also not considered further. Thus, three soil
types were used in further experiments and the properties of these soil types were
investigated more throughly (Section 3.3.2). In top soil and salinised marine sand
the flux increased by an order of magnitude compared to the flux in the fine marine
sand (Figure 3.19), demonstrating that the soil type could have a significant effect of
the performance of the irrigation system. These differences were linked to the ad-
sorptive properties of the soils by measuring their sorption isotherms (Figure 3.10).
These sorption properties affected the rate at which water vapour condensed into liq-
uid phase within the soil and hence also affected vapour flow through the soil. Whilst
sand adsorbs very little moisture (less than 1.110 2 m3/m3) even at a humidity of
95%, top soil adsorbs an order of magnitude more water at this humidity and pres-
ence of sodium chloride in the sand increased the adsorbed water content by around
two orders of magnitude compared to sand alone. The flux from the PV tube was
higher when the sorption in the soil was also high. These observations support the
second hypothesis (Section 1.3) that the way the vapour phase interacts with the soil
affects the flux from a PV tube.
These three soil types were investigated further in longer term tests that ran for
110 days (Section 3.4). This longer period allowed more water to accumulate in the
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soil so the role of vapour and liquid phase flow could be observed over a period of
time comparable to that of a crop growing season. In these longer term experiments
the flux into the top soil reduced and the humidity in the air above the soil increased
tending towards the values observed in the fine marine sand (Figure 3.27). The flux
into the saline sand remained higher than the flux in the other two experiments, and
at the end of the experiment the liquid water content in this soil was higher. The
distribution of the soil water was also affected as, rather than an area of increased
water content around the irrigation tube, the water content increased with depth.
This indicated that gravity driven liquid flows had occurred in the saline sand.
Longer term tests were also carried out in top soil and fine marine sand to con-
sidered the effect of a change in the thickness of the PV membrane. All of the pre-
vious experiments used a tube with a diameter 26.2mm and a membrane thickness
of 700m, whilst these additional experiments used a tube with a diameter of 56mm
and a membrane thickness of 50m. These experiments with the thinner membrane
showed an increase in the flux in the first six days of the experiment, however af-
ter this time the fluxes in both soil types converged on those for the experiments
with the thicker membrane (Figure 3.32). Unfortunately, as well as the change in the
membrane thickness, the diameter of the tube was also changed and the soil packing
density was reduced (due to lack of structural strength of the thinner membrane) so
the initial increase in the flux rate could be ascribed to any one, or a combination, of
these variations.
The experimental results were used to develop a conceptual understanding of
the water transport from a PV membrane through the soil (Section 4.2.1). Generally
models of pervaporation assume that the phase change from liquid to vapour oc-
curs at the interface between the liquid feed and the membrane (Wijmans and Baker,
1993). However, some research has suggested that in situations when the flux is low
due to humid conditions at the permeate side of the membrane, the phase change
occurs within the membrane or even at the permeate side (Sumesh and Bhattacharya,
2006). As the soil conditions created a humid environment around the membrane,
in this model it was assumed that the membrane became saturated with water due
to the low flux from the surface. Thus it was assumed that the liquid-vapour phase
change occurred at the external edge of the membrane, hence the membrane was
modelled as a 100% humidity boundary in the soil. Mass transport of water through
the soil was simulated predominantly in vapour phase and in liquid phase if the soil
became wet such that the connectivity of the liquid would allow bulk flow. The rate of
exchange (i.e. evaporation or condensation) was calculated to maintain equilibrium
between the phases and the equilibrium condition was determined from the sorption
isotherm for each soil type.
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Mathematically the model was implemented using Fick’s Law for vapour diffusion
and Darcy’s Law for liquid flow (Section 4.2.3). The unsaturated hydraulic conduc-
tivity in the soil was determined using the expression of Mualem (1976). By assum-
ing equilibrium between the liquid and vapour phases (and neglecting hysteresis) a
unique relationship was defined between the soil matric potential and the relative
humidity (Section 4.2.2), as both can be determined as a function of the soil water
content. The sorption isotherm is then encapsulated in the model of soil water re-
tention. Many standard models of soil water retention overestimate the soil moisture
content at low matric potentials in which liquid water is retained by adsorption rather
than capillarity (Rossi and Nimmo, 1994). This occurs because they use the concept
of ‘residual’ water content below which the water content cannot drop. In this re-
search the standard method of van Genuchten (1980) was extended to better repre-
sent the water content in this region using a ‘double van Genuchten’ curve. Whilst
the standard van Genuchten curve represented the water retention between resid-
ual and saturated water contents, a second curve added to the standard curve rep-
resented the relationship between residual water and zero. Although other methods
have also been suggested to extend the van Genuchten curve, this new method pro-
vided a better description of the experimental results collected in sorption isotherm
experiments. To mathematically describe the sorption isotherm in the saline sand it
was also necessary to quantify the osmotic potential in the soil and this was done by
assuming that the concentration was constant throughout the soil and that the salt
was immobile.
The model was used to simulate the experimental results for the long term experi-
ments (Figures 4.6-4.8). The model provided an excellent simulation of the change in
humidity in the chamber and a good prediction of the flux into the soil (particularly
in the later stages of the experiment), giving credence to both the conceptual and nu-
merical model of PV irrigation. However, the flux from the tube was underestimated
at some point in all of the experiments, particularly in the first 20 days. Adjustments
in the model parameters that improved the model of flux (i.e. increasing the diffu-
sion coefficient or the simulated moisture sorption into the soil) had a negative effect
on the simulated humidity. It was therefore surmised that the underestimation in
the flux rate did not occur due to uncertainty in the parameter values but rather due
to additional physical effects that were not included in the model. Possible factors
that could account for this flux are local temperature gradients, non-equilibrium be-
tween the liquid and vapour phase and film flow of liquid water on the surface of soil
particles.
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5.2 Discussion
5.2.1 Plants and PV irrigation
Although no experiments were performed with plants the improved understanding
of the system in soil can be used to further develop understanding of the potential
interaction of plants with the system. The significance of the vapour phase on the ir-
rigation flux also raises a number of further questions relating to the plant behaviour
during PV irrigation.
In experiments performed in sand and top soil (Chapter 3) the soil moisture con-
tent was still below permanent wilting point (Section 2.4.2) throughout much of the
soil box after 110 days. Thus the conditions were much drier than those which an
irrigation practitioner would usually target, for a period of time approximately the
length of an entire growing season. In the saline sand the soil moisture content was
much higher but the salinity (9mS/cm) was high enough to classify the soil as ‘very’
saline (Department of Agriculture and Food Western Australia, 2012). This salinity
level would be expected to reduce crop yield significantly. Neither dry nor highly
saline soils represent the ideal conditions for plant growth, yet this system has sup-
ported crops in trials. Evidently there are still aspects of this system that are not
understood, including how plant roots interact with vapour and the extent of vapour
loses to the atmosphere in field soils.
Wuest (2007) demonstrated that in unsaturated soils seeds imbibe water from the
vapour phase. As vapour flows through the soil from a PV irrigation system are sig-
nificant, it is likely that this interaction between seeds and the vapour flow would
allow the seeds to germinate whilst growing in a dry sand irrigated by a PV irriga-
tion system. Wuest (2007) also noted that it is this interaction with the vapour phase
that allows seeds to germinate in saline soil conditions. However, despite an extensive
search of the literature, only a small amount of research that considers the interaction
of developed plants with water vapour was found. In this research, during periods
of water stress, roots shrank in diameter leaving a small air gap between the root and
the soil (Carminati et al., 2009). During this period the root still took up some water,
which must have been transported across the air gap in vapour phase. However, the
root water uptake during this period was low due to the conditions of water stress.
The lack of understanding of plant root interactions with the vapour phase make
it harder to determine the mechanisms by which a developed plant might respond
to a PV irrigation membrane. It is possible that plants may imbibe water directly
from vapour phase; alternatively, the roots may provide condensation surfaces that
increase the liquid water content throughout this region of the soil. In field condi-
tions it is also possible that other factors such as the application of fertilisers and
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diurnal temperature gradients could affect the adsorption of liquid water content in
the soil. Fertilisers would affect the osmotic potential of the soil, thus inducing con-
densation within the soil in a similar manner to salt, although the osmotic potential
would depend on the fertiliser chemistry. Diurnal temperature gradients could in-
duce condensation in the soil during cooler periods i.e. at night.
Soil salinity is likely to affect the performance of the system in vegetated soils.
In this work the addition of salt to sand led to a change in the dominant transport
mechanism from vapour flow (in sand) to liquid flow (in saline sand). This change
stimulated a higher flux from the PV tube. However, despite a higher flux, the soil
water available to plants may not be increased because the osmotic potential of the
saline water will inhibit water uptake by plants. The soil salinity in these experiments
was high, however a lower salinity would also increase the soil moisture content to al-
low liquid flow (Figure 4.17) and would not inhibit uptake by plants as significantly.
Thus the liquid interaction between the PV system and the plant would become im-
portant. As half of all soils are affected by salinisation globally (Pimentel et al., 2004)
salinity effects could often have a significant influence on the system performance in
field conditions. Potentially the system could be a useful technique in soils that are
already salinised, particularly as some salt was removed from the soil during opera-
tion, providing some level of soil remediation.
The presence of a desiccant within the experiment increased the flux from the
membrane (Section 3.3). This concurs with the results of Quiñones-Bolaños and Zhou
(2006) who noticed the same effect when they buried an adsorbent material in the soil.
This finding suggests that the presence of a plant in the soil, which should act as a
sink for moisture, would increase the flux from the membrane. This is essential if the
irrigation system is to succeed in sands without salt as the flux from the tube in exper-
iments in sand without desiccant was around 2.510 5m3/m2 membrane surface per
day. Thus to meet the water requirements of barley during mid season ( 7mm/day,
Hart, 2002) would require 200m2 of membrane surface area per m2 of crop, whilst
to meet the requirements of alfalfa would require 320m2/m2 membrane surface area
even assuming 100% of the water leaving the irrigation tube reached the plant. Of
course the presence of salt increased the flux to approximately 210 4m3/m2day, but
even this flux rate would require 35m2/m2 of membrane surface area to supply bar-
ley with the full evapotranspiration demand. Feedback from the plant that increases
the flux rate could therefore decrease the surface area of membrane required in the
soil to more manageable amounts.
Several features of PV irrigation suggest that the system performs in a manner
comparable to the practice of deficit irrigation (Section 2.5.1.4). Observations that
support this suggestion include; the dry soil conditions which are likely in the sys-
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tem (at least in the absence of salinity), the low flux from the system and the obser-
vation that tomatoes grown on the system are incredibly sweet (Section 2.6.2). The
permanent wilting point is often assumed to occur at a matric potential of -1500kPa
(Wild, 1993; Givi et al., 2004; Rose, 2004; Kirkham, 2005) which, in the absence of
any osmotic potential, corresponds to a relative humidity in the soil of 98.8%. In
experiments to quantify the flux in air (Section 3.2) and in other pervaporation ex-
periments (Quiñones-Bolaños et al., 2005a; Sule et al., In Press) the flux from the
system decreases with increasing relative humidity at the permeate side of the mem-
brane. Thus flux rates observed in sweep tests and with applied partial vacuums are
unlikely to be achievable. The humidity close to the membrane will only be reduced
(and hence the flux increased) at low soil water contents when water is retained by
adsorption and this conditions would correspond to water stress within the plant.
As the system is likely to behave as a deficit irrigation system it seems sensible to
consider the knowledge from this area of research when investigating PV irrigation.
For example deficit irrigation systems have been used successfully for crops such as
apple, tomato and grapes but have been difficult to implement for other potatoes for
which tuber quality is sensitive to water stress (Costa et al., 2007), and alfalfa for
which yield loss may be significant (Fereres and Soriano, 2007). Also research has
shown that plants are particularly sensitive to water stress in some growth stages,
particularly the initial growth. Sometimes sprinkler irrigation is used during initial
growth stages to establish the crop (Ayars et al., 1999) and smaller volumes of ir-
rigation water are applied by a drip line throughout the rest of the season. It may
therefore be useful to consider a dual irrigation method which provides more water
to the plant in the inital growth stages.
5.2.2 Water treatment
The potential for the PV membrane to treat saline water whilst distributing the wa-
ter for irrigation is the primary reason for interest in this irrigation method. How-
ever, during an experiment with a deionised water feed solution and a saline soil, salt
transport was observed from the soil into the feed water (Section 3.4). Also, during an
experiment in top soil using the thin membrane, solutes from the soil were observed
in the water inside the irrigation tube. It is possible, as these experiments were not
repeated, that the reduction in quality in the supply water was due to damage to the
membrane or due to membrane defects. However, if this was the case, it is probable
that similar defects or damage would also affect the system when implemented in
field conditions. Also, in experiments performed in air with saline water inside the
tube, (Sule et al., In Press) observed that salt penetrated the membrane, crystallising
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within the membrane and after a period of time on the outer surface of the membrane
as well. These findings suggest that, although the membrane may retard and reduce
the transport of salt from saline water into the soil, it might not prevent it.
The interesting aspect of the results observed in the saline soil is that the salt
transport across the membrane occurred against the direction of bulk flow. From this
it can be surmised that salt and other solutes were not transported by the bulk flow
of water. Instead, it seems connectivity in the liquid phase within the membrane
allowed solutes to diffuse into the feed solution because of an osmotic gradient. Such
connectivity could occur because of pipe swelling, which is likely to be greater when
the membrane is utilised in humid conditions (Korngold and Korin, 1993) such as
those which have been shown to exist in the soils in these experiments. Sumesh and
Bhattacharya (2006) used modelling results to suggest the conditions in which the
membrane is likely to become saturated with water. This suggestion was utilised
in the modelling work to represent the membrane as a 100% humidity surface, and
modelling results suggested that this assumption was reasonable. This saturation
of the membrane causes maximum pipe swelling, opening the pores and potentially
allowing liquid connectivity.
To achieve separation between the water and salt it would be desirable to cause
the liquid-vapour interface to retreat into the membrane away from the permeate in-
terface. When the pervaporation system is tested using sweep tests such as those of
Quiñones-Bolaños et al. (2005a) this is what occurs and good separation can be ob-
tained. In the soil it may be possible to reduce the humidity in the vicinity of the
membrane. For example the addition of sodium chloride to the soil initially reduced
the humidity to approximately 76% and increased the flux from the system. The
addition of another salt (e.g. lithium chloride) would reduce the humidity even fur-
ther, and hence also increase the flux. Of course the issue with the addition of these
salts is that they become mobile within the soil and cause soil contamination. Ideally
it would be preferable to immobilise a substance that increases adsorption into the
soil but allows capillary flow to occur. However, from a water treatment perspective
there would always be a risk involved in using this method, since if the environmen-
tal conditions were such that the soil became very wet the membrane could become
saturated and contaminant breakthrough could occur from the inside to the outside
of the tube.
An alternative approach could be to investigate different membranes. Kujawski
et al. (2007) used a hydrophobic coating applied to the surface of a hydrophillic,
ceramic pervaporation membrane and saw improved salt separation. Alternatively
membrane distillation could be interesting to consider. During membrane distillation
(Section 2.2.1) the location of the phase change from liquid to vapour within the
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membrane can be controlled as a function of the pore size, the feed concentration
and the operating pressure. The transport of water into the soil would still occur in
vapour phase and should vary with soil humidity conditions.
5.2.3 Modelling pervaporation in field conditions
The work in this thesis has shown that the soil adsorption properties affect the flow
and condensation of the vapour phase in the soil and consequently significantly af-
fects the flux from a PV membrane. The sorption isotherm for each soil type provides
a useful indicator of how the PV system will perform in different soil types.
In the field temperature variations will also affect vapour flow through the soil
and thus are likely to affect the flux provided by the system. Temperature gradients
can drive both diffusive and convective vapour flow through the soil (Parlange et al.,
1998). Diurnal variations in the atmospheric temperature above the soil are often
large in desert conditions. During the day the air will generally be warmer than the
soil, driving a vapor flow from the air into the soil. However at night, whilst the
soil retains some of its heat, the air becomes colder and the net vapour flux between
the soil and the atmosphere is reversed (Grifoll et al., 2005). A further step in the
modelling work should be to include the effect of temperature driven vapour flows
(i.e. convection). The diurnal variation is also likely to increase the effect of hysteresis
on both the adsorptive and capillary components of the soil water content.
An increase in soil salinity also caused an increase in the flux across the PV mem-
brane. In soils that are known to contain salts a solute transport model would also be
desirable. Variations in the osmotic potential could then be considered and vapour
flows because of osmotic gradients could be represented.
Clearly it would also be useful to couple this model of water flow through the
soil with a model of water uptake by plants and potentially also plant yield. Several
models of plant water uptake exist and these represent plant functioning at various
levels of complexity. From a water flow modelling perspective a plant model must
determine two things: the magnitude and distribution of water uptake from the soil.
Simple models to do this are based on the evapotranspiration demand of the plant cal-
culated using atmospheric conditions (e.g. Eqn. 2.25) distributed throughout the soil
based on the root distribution (Feddes et al., 1976). The idea behind this is that more
water is taken up from the soil in areas where there are more roots. However, under
conditions of water stress water is taken up from regions in the soil where water is
more available and the whole root structure is not necessarily utilized (Jarvis, 1989).
Other models therefore represent the uptake of water as a function of the available
soil water and the root distribution (Jamieson et al., 1998). Even more complex mod-
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els simulate the plant structure more precisely, including models of the plant water
status from the roots to the leaves and models of the stomatal conductance (Tardieu
and Davies, 1993; Braud et al., 1995). The disadvantage of these complex models is
that detailed knowledge of the plant is required to parameterise the model. However,
all of these models of water uptake by plants are based on the liquid water content of
the soil. Prior to doing any model work of this uptake it is therefore necessary to es-
tablish experimentally how the plants interact with the vapour flows emanating from
a PV irrigation membrane and how the liquid water content of the soil is affected by
this interaction.
5.3 Recommendations for further work
As this technology is still under development there are many areas of further research
that could be beneficial. Some of these have been highlighted already both in a de-
scription of the aspects of PV irrigation that are not included in this research (Section
1.2) and in the discussion above (Section 5.2). Here the key priorties for future re-
search are highlighted.
1. The main priority of further work should be to investigate the behaviour of
plants under PV irrigation. This should be carried experimentally with close
monitoring of water within the plant root zone. It is important to understand
how plants interact with the vapour flow through sandy soils, as this will signif-
icantly affect the soil conditions in which the PV irrigation system will be most
effective (i.e. desert conditions).
2. The water treatment efficiency achieved by the system needs to be quantified
field trials of durations longer than three months. Breakthrough of solutes has
been observed from the system twice in these experiments and also in other
results. The magnitude of this breakthrough needs to be established with more
certainty over longer periods of time before PV systems can be safely applied.
3. Agricultural field trials of PV irrigation should be carried out to quantify the
water use efficiency, crop yield and crop quality in different soil types and for
different crop types. Clearly such trials will be an ongoing process and these
will help to identify the environmental conditions in which PV irrigation is
applicable. The results should be compared to those achieved using other irri-
gation technologies.
In addition to further work to investigate PV irrigation applications, this PV mem-
brane also provides interesting opportunities for scientific research. In this thesis
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the membrane has provided a unique opportunity to observe vapour flows emanat-
ing from a subsurface source. Whilst vapour flows have been injected into the soil
for other purposes (e.g. remediation of contaminated land) the flows are vapourised
by high pressure or temperature. In these conditions vapour flow due to convection
and diffusion due to bulk temperature gradients can occur. This membrane provides
an opportunity to observe vapour flows in isothermal conditions (although micro-
temperature gradients will still exist). This opportunity could be exploited further
by considering the behaviour of the system in more diverse soil types and in a wider
range of environmental conditions. The PV membrane also offers opportunities to
study the interaction of plants with vapour flows. As well as providing useful in-
formation to aid in the development of PV irrigation research in this area could also
provide an improved fundamental understanding of the behaviour of plants in dry
soils.
5.4 Conclusions
This research has improved the scientific understanding of the processes that affect
the flux across a PV membrane in soil through a series of experimental observations
and the development of an improved numerical model of the system. This under-
standing can be used to aid in the further development of the application of this PV
membrane for irrigation. More specifically this work has demonstrated that:
1. The humidity in the soil surrounding the PV membrane is an important control
on the flux from the tube. Higher fluxes across the membrane occur when the
humidity surrounding the tube is lower. In the soil environment the transport
of water vapour away from the tube limits the rate of pervaporation across the
membrane. This observation was implemented in the model by assuming that
the PV tube acted as a 100% humidity boundary, an assumption that provided
a good simulation of experimental results.
2. As hypothesised (Section 1.3), vapour transport through the soil from a PV
membrane is significant. Vapour transport affects the mass of water lost to
the atmosphere at the soil surface and the distribution of condensed water in
the soil. The availability of water for uptake by plant roots can therefore not
be estimated without quantifying vapour flows. Evidence for the significance
of vapour flows comes from experimental results and is further supported by
modelling work. In experiments conducted in sand, water vapour flow from
the surface of the soil was observed less than two hours after the irrigation tube
was filled with water. Modelling work, which was based primarily on diffusive
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vapour flow, was able to replicate this humidity profile. The model could be fur-
ther improved for use in field conditions by including the effects of temperature
gradients which will influence vapour flows.
3. As hypothesised (Section 1.3), the interaction between the vapour phase and
the soil has a significant affect on the flux across a PV membrane buried in
the soil. The flux across the PV membrane was increased in soils with high
water sorption at low relative humidity and the sorption isotherm was a useful
predictor of this behaviour. For example, in top soil the adsorption capacity
was greater than sand and as a result the flux from the PV system and the soil
moisture content were increased. The addition of salt to the sand (16g/kg) had
a pronounced effect on the water adsorption into the soil because the osmotic
potential of the salt solution reduced the humidity in the soil pores surrounding
the tube. As a result, the flux across the membrane increased by an order of
magnitude compared to sand without salt.
4. If condensation into the soil is sufficient, liquid flow also has an effect on the flux
rate across the PV membrane. In the saline sand, transport of water in the liq-
uid phase clearly affected the flux from the tube. This was seen experimentally
as a wetting front was observed in the sand. Modelling also supported this con-
clusion, as the inclusion of liquid flow in the model improved the performance
of the simulated results in saline sand. This model could be improved further
by considering the effects of film flow along the surface of the solid particles as
the soil begins to wet.
5. For this PV application, the adsorbed water content of the soil must be consid-
ered when modelling the liquid water content of the soil. Often models of the
water retention characteristics of soils consider the residual water content to be
the minimum value possible in the soil. Although some models that extend the
water retention characteristics into dry conditions already exist, in this work
a new model was proposed to simulated the characteristics of the soils used
in this experimental work. This model was able to simulate the liquid water
content in dry conditions below the residual water content and provided a rela-
tionship that defined the equilibrium conditions between the liquid and vapour
phases in the soil.
6. A model of water transport from a PV tube through the soil was developed and
implemented using a finite volume method. This model simulated water trans-
port in both the vapour and liquid phase. This model successfully simulated the
results observed experimentally. As such this model can be used to predict the
5.4. Conclusions 138
flux from a PV tube in other soil types for which a moisture sorption isotherm
has been established. This model also provides a basis for future development
of a more complex model which should include additional factors that affect
the system in the soil (e.g. temperature and water uptake by plants).
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Appendix A
Experimental design
A.1 Introduction
This appendix is included to document in more detail some of the background work
that was carried out to aid decision making during the development of the experi-
mental method. Also included are results of calibration tests that were performed on
sensors used in the setup. Whilst these details are not central to the understanding
of this thesis they may be of use to anyone wishing to improve on the experimental
methodology in future work.
A.2 Experimental scale
During the experimental design particular care was taken in deciding the scale of
the experiments. In previous experiments Quiñones-Bolaños et al. (2005b); Thomp-
son (2009) only small changes in the water content of the soil had been observed.
Quiñones-Bolaños and Zhou (2006) developed a model of the flux rate from a PV
membrane. Using this model a simulation of the soil water content in a proposed
experimental setup was performed. This simulation was used to predict the water
content in the soil after 1000 days (Figure A.1). Even after this time the soil moisture
content was low throughout the soil and the majority of the change in water con-
tent was simulated within 10 cm of the PV tube. Although the aim of part of this
research was to address some of the limitations of the Quiñones-Bolaños and Zhou
(2006) model, this model still provided an estimate of the results based on the prior
understanding of the system.
Based on these simulations the experiment was scaled down from an initial pro-
posed cross sectional size of 1m by 1m to the dimensions shown in Figure 3.6. This
decision made the logistics of the experiments more manageable as the maximum
mass of soil required in any experiment was around 17kg and a soil box could be
packed in 2 man hours.
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Figure A.1: Simulation of the expected water content in sand after 1000 days of irri-
gation using the model of Quiñones-Bolaños and Zhou (2006)
A.3 Review of soil packing methods
Soil columns are commonly used to enable the study of soil transport properties in
a controlled setting. A small volume of soil is isolated in an impermeable container
and can be intensively monitored, often with the aim of completing a mass balance
for the system. Whilst some columns may remain in field locations they are also
often used in laboratories. For some experiments an ‘ideal’ soil column would be
packed with a soil profile which corresponded to a typical profile at the field site of
interest. Any changes in soil type, particle size or packing density in the field soil
profile would therefore be replicated in the soil column along with other features of
the soil such as macropores and preferential flow paths. To acheive this is is possible
to use a soil coring method (Derby et al., 2002), however for many laboratory studies
the aim is to replicate some aspect of the field conditions in simplified conditions,
and thus a column with homogeneous soil packing is sought. In a review of the setup
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of soil column experiments Lewis and Sjöstrom (2010) state that packing of columns,
as opposed to taking a soil core, increases the repeatability of experimental results.
This is because by packing the soil the heterogeneity of the sample will be reduced
compared to that of a natural soil structure. When more homogeneous soil structure
is required, and in situations when soil coring is unsuitable, the soil from the field site
is repacked into a column, hence several research studies have implemented methods
to improve the homogeneity of the soil packing.
Three main methods exist to improve the homogeneity of soil coloumn packing;
compaction by vibration, compaction by force and raining or sprinkling. The vibra-
tion compaction technique can be applied either during or after the column has been
packed. The frequency and duration of vibration varies. The random nature of the
motion produced by a vibration table means that the packing density is more repeat-
able for high densities. There is also some heterogeneity induced by the segregation
of different particle sizes. Compaction by force is the most commonly used method
for large columns Plummer et al. (2004). Layers of soil (anywhere between 0.2-15cm
thick) are added to the column and then compacted with a weight or force before
another layer is added. This leads to significant layering within the column and to
improve the hydraulic conductivity between layers the surface is often scarified after
compaction before the addition of each new layer Plummer et al. (2004). A method
for insuring a reasonable spread of the soil within each layer is also required. To
acheive this Oliveira et al. (1996), in the setup of a small scale column, sprinkle small
amounts of soil from a spoon held a few centimetres above the soil surface. In the
third method was developed for a particular context in which Stauffer and Dracos
(1986) dropped sand from height and passed it through two sieves before allowing it
to settle. This method does not require soil compaction thus a looser packing density
can be achieved within the column.
One study Oliveira et al. (1996) compared the results acheived by different pack-
ing methods. They compared the two compaction methods and concluded that com-
paction by force (in this case using a pestle) yielded less variation than any vibra-
tion method when packing a dry soil column. However they noted that this method
was time consuming as the soil had to be added in small layers (~0.2cm). They also
considered packing the column with saturated soil and found that this significantly
increased the homogeneity of the soil packing. However the clear disadvantage of
this method (for a test which requires initially dry soil) is the time required to ensure
that the soil has dried before the start of the experiment. Lewis and Sjöstrom (2010)
recommend that wet packing techniques provide the most repeatable results. How-
ever, for this application it would be difficult and time consuming to dry the soil after
packing.
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For this experiment soil moisture content probes must also be placed within the
soil as the sand box is packed. As the contact between these probes and the sand
is improved by soil compaction a compaction method is most appropriate in this
case. Following a similar method to Oliveira et al. (1996), 0.5cm layers of sand were
deposited in the box and compacted with a flat aluminium pestle (Figure A.2). To
spread the sand throughout each layer the sand was initially sprinkled from a small
beaker. A rake was used on the surface of each layer to scarify it and reduce the effect
of layering.
Figure A.2: Photograph of the aluminium pestle used for compaction during soil box
packing. The pestle had dimesions 120x500mm.
A.4 Calibration of load cells
The load cells were calibrated using two point measurements at zero and at the max-
imum load. A number of further tests were then performed to quantify the accuracy
of the sensors in different loading conditions. In the first tests the load cells were
initially unloaded and then the full test mass was placed on the cell. Test masses of
200, 300, 500, 700, 800, 1000, 1500, 2000, 2300 and 2500 grams were used. These
tests demonstrated some non-linearity in the mass measured by the load cell (Fig-
ure A.3a). This non-linearity meant the mass was underestimated at 200g by 5g.
Non-linearity particularly affected the measurements between 0-500g. This will have
have had an effect on the load cells measuring the mass of the desiccant during ex-
perimental work, thus the mass monitored by the reservoir load cell was considered
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more accurate.
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Figure A.3: Load cell tests to highlight a) non-linearity b) hysteresis and c) creep/time
variation for the load cell used to monitor the mass of the desiccant (or salt solution)
in experiments SS04, SS06, SS11, SS14, SS15, SS16, SS19, SS20, SS21, SS22 and SS30
(Table 3.2).
In a second set of tests the load cell was returned to a load of 500g after a variety
of initial loading conditions (any from the list above). These results indicated that
hysteresis due to previous loading conditions could affect the results by around 2g
(Figure A.3b). However, no large, sudden changes in mass were expected in the ex-
periments other than when the reservoir was refilled, so hysteresis should not have
had a significant impact on the results. More important was load cell creep, which
could occur as the strain gauges within the load cells relaxed over a long period of
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time. Most load cell creep is supposed to occur within the first few hours of loading.
However long term experiments in which a mass was left on the load cell showed low
frequency oscillations in the measured mass (e.g. Figure A.3c). These variations were
on the order of 0.5g and could have had an affect on the flux rate monitored in the
short term if the flux were low. This variation accounts for most of the noise in the
measured flux rate for the experiments conducted in sand. The calibration of the load
cells was checked at the end of the experimental work to confirm that long term drift
did not affect the results.
A.5 Capacitance probes to measure soil moisture content
A.5.1 Review
Capacitance sensors measure the soil volumetric water content indirectly by measur-
ing the permittivity of the mixture of soil and water. As the permittivity of water is
much higher than that of the soil particles an increase in the water content increases
the permittivity of the mixture and this is measured as an increase in the capacitance
using,
C = a" (A.1)
where C (m 2s4kg 1A2) is the capacitance, a (m) is a geometric factor related to the
electric field penetrating the surrounding media and " (/m3s4kg 1A2) is the permit-
tivity. The capacitance can be measured is two ways; firstly by encoporating the
capacitor into an oscillator circuit and measuring the resonant frequency Kelleners
et al. (2004), or secondly by repeated charging and discharging the capacitor and
measuring the voltage to which it charges Bogena et al. (2007). In the first case the
capacitance is related to the frequency by,
F =
1
2
pLC (A.2)
where F (s 1) is the resonant frequency and L (m2s 2kg A 2) is the inductance of the
circuit. In the second case the capacitance is calculated from,
t =  RC
 
Vm  Vf  Vi
Vi  Vf
!
(A.3)
where t (s) is the time for which the capacitor is charged, R (kg m2 s 3A 2) is the
circuit resistance, Vm (kg m2 s 3A 1) is the measured voltage, Vi (kg m2 s 3A 1) is the
initial voltage and Vf (kg m2 s 3A 1) is the applied voltage.
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As there are many different methods of measuring the permittivity, both using ca-
pacitance probes with different measurements and using other types of sensors. Jones
et al. (2005) suggested the use of a standardised, two stage calibration method. They
suggest that the relationship between the probe output (e.g. voltage or frequency)
and the permittivity is calibrated and that the relationship between the permittivity
and the soil water content is calibrated separately. In this way the second stage of the
calibration process can be considered independent of the sensor type. Whilst this ap-
proach has advantages because the changes in the permittivity due to increased water
content can be conceptualised, these models require more parameters than empirical
models relating the probe output directly to the water content.
The probes used in this study are EC-5 capacitance probes manufactured by
Decagon Devices’, these are connected to an Em50 datalogger supplied by the same
company. Measurements from these probes are made using the voltage method dis-
cussed above with 12 bit analogue to digital convertion to provide a count which
the manufactures record as the ‘RAW ’ count. Also provided is a calibration equa-
tion, however it is recommended that a soil specific calibration is carried out. These
probes operate at a frequency of 70 MHz. Five experimental studies from the litera-
ture Bogena et al. (2007); Kizito et al. (2008); Sakaki et al. (2008); Saito et al. (2009);
Rosenbaum et al. (2010) which used these probes are discussed below.
Kizito et al. (2008) concluded that, from the two soils they studied, a soil specific
calibration was unnecessary. They also demonstrated the sensitivity of similar probes
to variations in temperature. Sakaki et al. (2008) developed a method by which soil
specific calibration could be carried out from just two data points (for air dry and
saturated soil) and an estimate of the soil porosity using,
RAW =


RAWsat +
 
1  

!
RAWdry (A.4)
where RAW (-) is the digital output from the sensor,  (m3/m3) is the volumetric
water content,  (m3/m3) is the porosity and the indices sat and dry indicate the
saturated and dry conditions. This method provides a simple and robust approach
which can be used to improve the generic calibration provided by the manufacturer,
however there is still significant variability in their results. This varibility may, in
part, be due to temperature fluctuations throughout the test. Although the temper-
ature was maintained at 232oC small changes in temperature can have an effect on
the measured permittivity, particularly in this temperature range Kizito et al. (2008).
Another major source of uncertainty is the contact between the probe and the soil
medium as small air gaps will significantly affect the behaviour of the electric field
in the region immediately surrounding the probe. This contact is difficult to repeat
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and will effect the results. To consider the performance of the probes without this
error term Bogena2007 and Rosenbaum et al. (2010) both calibrated the probes in
liquids with known permeativities. By doing this they utilised the two stage calibra-
tion process recommended by Jones et al. (2005). In the first of these studies Bogena
et al. (2007) considered the effect of supply voltage and calibrated the relationship
between the sensor output and the permittivity for a number of different input volt-
ages. Rosenbaum et al. (2010) focused on the variations that occur between sensors
of the same type. They concluded that sensor to sensor variation was significant com-
pared to signal noise. These tests were performed at 25oC and the second stage of
the calibration was not considered so the magnitude of variations due to temperature
and varying contact between the soil and probe were not quantified.
Saito et al. (2009) performed a detailed study of the effect of temperature changes
on the probe output in four different soils and used this to develop an empircal model,
directly relating the probe output to the volumetric water content. It is worth noting
that their experiments highlighted the complexity of the relationship between per-
mittivity and temperature. The effect of an increase in temperature depends on both
the volumetric water content and the soil type. Different soil types affect not only
the magnitude of the changes in permittivity but also whether the value increases
or decreases with an increase in temperature. However their results are encourag-
ing, as the use of a correction factor to account for temperature changes significantly
improved the estimates of volumetric water content. These results indicate that the
variability due to contact between the soil and the probe may be small compared to
the effect of temperature. The disadvantage of this method is that it requires a sig-
nificant experimental work to provide sufficient data to develop an empirical model.
It should also be noted that the sampling volume used in this study was only 6cm
in depth whilst a sensitivity study performed by Sakaki et al. (2008) indicated that a
distance of 9cm was required. The latter of these values corresponds to the authors
observations.
A.5.1.1 Relationship between the soil water content and permittivity
Other methods, such as time domain reflectometry (TDR), have also been used to
measure the permittivity of the soil so that the soil water content can be inferred. To
estimate the soil water content a relationship between this value and the permittivity
must be developed. An empirical relationship developed by Topp (1980) is commonly
used for this purpose,
 = 4:3 10 6"3   5:5 10 4"2 + 2:92 10 2"   5:3 10 2 (A.5)
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Whilst this relationship is adequate in some soils there are several effects that can af-
fect the permittivity that are not accounted for in this model, specifically soil texture,
salinity, temperature, electrical conductivity and frequency Chen and Or (2006a).
Changes in wet soil permittivity due to temperature fluctuations are widely acknowl-
edged in the literature and several possible causes have been identified. These are; 1)
changes in the permittivity of free water with temperature, 2) changes in the electri-
cal conductivity as ions become more mobile with increasing temperature, 3) the re-
lease of bound water as temperature increases Chen and Or (2006b) and 4) Maxwell-
Wagner effects (Chen and Or, 2006a, b). A large amount of data has been collected to
observe the change in permittivity of pure water with temperature and models have
been developed Ellison et al. (1996) such that the changes due to this effect can be
predicted. Maxwell-Wagner effects occur when different components of a mixture
have different permittivities. This leads to the build up of charge at the interfaces be-
tween the components which in turn enhances the bulk permittivity of the mixture.
Maxwell-Wagner effects are observed at low frequency as at high frequencies the per-
mittivity of the free water becomes dominant Chen and Or (2006a). The effect of the
release of bound water is not well understood and is a subject of further study.
Robinson et al. (2002) use the observation that the permittivity is dependent on
the bound water content. This is because the dielectric properties of water are are
altered when the molecules interact with the soil mineralogy. Robinson et al. (2002)
suggest that the adsorptive water content is used as an estimate of the bound water
content. The average permittivity is then estimated from:
"Av =
[( + (bounde =bound )) bound]"w

(A.6)
A.5.2 Calibration of capacitance probes
The capacitance probes were calibrated by packing a cylindrical container with a
diameter of 120mm with wet sand . So as to replicate the the target packing density
for the experiments ( 1600kg/m3), 155g of dry sand was used in each case and this
was later packed into a volume of 700mL. The sand was mixed with a variable amount
of water using a mechanical mixer. The packed container was then vibrated until the
sand was compacted and the target packing density was reached. A capacitance probe
was then inserted into the packed sand until the probe was submerged so that only
the wire extended above the sand. The probe was left for 10 minutes, monitoring
the RAW count of the capacitor 10 times and an average of these results was taken.
The water content of the sand was then determined gravimetrically. The results for a
number of experiments performed in this way are shown in Figure A.4 along with a
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fitted calibration relationship for this data. Temperature variations in the laboratory
explain some of the scatter in the results.
The contact between the probe and the sand was also observed to have an affect
on the results. To quantify this affect a test was carried out in which a probe was
inserted into the soil for ten minutes then removed and carefully reinserted into the
same hole. After reinsertion the contact between the probe and the sand was not
as good. A reduction in the capacitance was observed when the probes were rein-
serted (Figure A.5a), thus these results would have indicated a lower water content
(around 0.003m3/m3 lower). Further experiments were also performed by inserting
and removing different probes from sand samples (Figure A.5b). The variance in
these results occurred both due to changes in contact with the soil and due to dif-
ferences between the different probes. Using the calibration equation the variation in
these results corresponds to a variation in measured soil water content of 0.02m3/m3.
This variation is greater than the magnitude of the change in water content observed
in all of the experiments with sand in which these probes were used. Also, as the
initial swelling of the PV tube that displaced the probes somewhat and disturbed the
contact between the probe and the sand. The results from the capacitance probes
therefore cannot be used to quantify the soil moisture content in the sand during the
experiments.
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Figure A.4: Calibrated relationship for EC-5 capacitance probes in sand.
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Figure A.5: The effect of contact between the capacitance probe and the soil.
A.6 Discussion of experimental methods
The experimental methods used and developed in this thesis were particularly cho-
sen to investigate the behaviour of the vapour phase within the soil. This vapour flow
had been neglected in previous experiments conducted by Quiñones-Bolaños et al.
(2005b). In the main setup used for the research presented in this thesis a layer of
soil with the irrigation tube laid through the centre was enclosed in a chamber in
which the humidity conditions monitored. The use of an enclosed chamber provided
a useful way to prevent the exchange of water vapour between the soil and the at-
mosphere, so that this component of the mass balance was quantified rather than
neglected as it was in the work of Quiñones-Bolaños et al. (2005b). This enabled the
differences in the vapour flow through different soil types to be easily observed. In
a vegetated system this prevention of gas exchange would also prevent the exchange
of other required gases, namely oxygen and carbon dioxide, thus in future work it
would be desirable to develop a method of monitoring the evaporation from the soil
rather than controlling it.
The initial conditions in the soil were established by oven drying. Unfortunately,
during the soil packing a small amount of moisture was adsorbed into the soil. Al-
though this mass of water was small in some soil types it had a considerable affect
on the equilibrium humidity at the start of each test (e.g. an initial humidity of 40%
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in sand). However, whilst the humidity was not comparable for different soil types,
the value was repeatable for multiple initialisations of the same soil. Thus, although
oven drying reduced the soil water content to an extremely low value it provided a
repeatable method to initialise the conditions in the vapour phase in the soil. This
improved on the method of Quiñones-Bolaños et al. (2005b) in which the soil was
left to equilibriate with air at an unknown humidity.
The experimental observations of Quiñones-Bolaños et al. (2005b) showed very
little change in the liquid moisture content of the soil and subsequent modelling
work provided a good model of the flux rate but overestimated the soil moisture con-
tent (Quiñones-Bolaños and Zhou, 2006). The disparity between the success of the
flux model and the failure of the soil moisture content prediction suggests that the
distribution of water throughout the soil was poorly represented in the model. To
ensure the water could not be distributed too widely and thus to increase the observ-
able soil water content, the scale of the experiment was reduced. The experimental
duration was also increased from 5 days to 10 days for the short term experiments
and 110 days for a set of longer term experiments. This also allowed more liquid
water to build up in the soil.
Despite the alterations to the experimental method to increase the liquid water
content of the soil the capacitance probes used to monitor this value did not provide
the sensitivity required to observe the changes that occurred in most of the experi-
ments. In these dry conditions these probes instead showed sensitivity to the contact
between the soil and the probe. In these dry conditions it would be preferable to use
a mixture of techniques to monitor the soil moisture content including thermocouple
psychrometers to monitor the humidity of the vapour phase in the soil. These mea-
surements could then be used to estimate the water content at low, adsorptive water
contents by assuming equilibrium existed between the liquid and vapour phases.
The measurement methods used in other aspects of the experimental work were
also pushed to their limit over the course of the experimental programme. In several
experiments the relative humidity in the air chamber above the soil box was observed
to reach and remain at a value greater than 100%. Whilst transient values of humidity
suggesting supersaturated conditions could occur due to variations in temperature,
the availability of surfaces for condensation should mean that the humidity does not
remain supersaturated for long. The suppliers of this probe suggested (Michell In-
struments UK, Ely, UK) that these values were erroneous and occurred due to conden-
sation within the probe. More accurate determination of the relative humidity both
in the air and the soil would be advantageous for further studies of PV irrigation.
In the experiments performed in the sand the sensitivity of the load cells monitor-
ing the change in mass of the supply reservoir recorded changes of only a few grams
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a day. This was the limit of the accuracy of these load cells - however they essentially
provided the required information as lower fluxes than this are not of interest and
adaptations to the system should aim to increase the flux rate. It would have been
preferable to also use another load cell to monitor the mass of the soil box and hence
close the mass balance. Unfortunately this was not done as although mass measure-
ment of heavier loads at the accuracy of a few grams is possible it is expensive. An
additional limitation of monitoring the mass change of the reservoir to infer the flux
across the membrane occurred due to membrane swelling. For this reason it would
be desirable to develop alternative methods to estimate this flux that could be used
in conjunction with this mass based approach. Alternatives could include monitor-
ing the temperature drop across the membrane due to the evaporation (Mark Tonkin,
personal communication, 2011) or using a strain gauge to monitor the tube diameter.
Measurements of the sorption isotherms for soils were invaluable to this research
as they provided information about the soil in dry, adsorptive water contents. Unfor-
tunately establishing these relationships is either time consuming (by the desiccator
method) or expensive (using the VSA). It would also be interesting to determine the
relationship between the matric potential and the soil moisture content across a full
range of moisture contents. Currently this relationship has been determined in the
wet extreme and the dry extreme, further experiments would be useful to quantify
this relationship between these two points.

Appendix B
Grid generation
B.1 Introduction
Many methods exist for discretising a domain into a grid so that a numerical method
can be implemented. These grids may be Cartesian (Versteeg and Malalasekera, 2007)
or may be generated using other polygons (e.g. triangle, quadrilateral). Triangular
meshes are common, particularly for finite element methods and are often created
using a Delaunay triangulation (Shewchuk, 2002) in which node locations are op-
timised such that no points lie within the circumcircle defined by each triangle of
nodes. These optimisation methods allow the node points to be distributed through-
out an irregular domain and can be used, along with refinement algorithms, to pro-
vide reliable mesh quality (Shewchuk, 2002). However, for finite volume solutions it
can be more useful to generate a Voronoi diagram (Du et al., 2003) around the points
that form the vertices of a Delaunay triangulation. In this appendix the method that
was used to develop the grid (based on a Voronoi diagram) for the numerical solu-
tion is detailed. The results of numerical simulations performed to investigate the
sensitivity of the modelling to the grid resolution are also given.
B.2 Grid generation
An open source program (Persson and Strang, 2004) was available to generate a De-
launay triangulation of the model domain. To convert a Delaunay triangulation mesh
into a grid suitable for a finite volume solution there were two options; either to retain
the triangles as the finite volumes and define the circumcenter of each triangle as the
new node location or to retain the node locations and generate polygons around these
nodes. However if the triangulation is irregular the former may lead to node locations
outside of the finite volume it represents (Figure B.1) thus mesh quality is compro-
mised. Thus the latter method is used in this case. The polygons for each volume
are then generated by constructing Thiessien polygons (Figure B.2) and developing
a Voronoi diagram. The edges of the polygons are defined by the perpendicular bi-
sectors of the edge of each triangle (Aurenhammer, 1991). One further issue occurs
during this method of generating a finite volume grid. For a finite element mesh
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Figure B.1: Diagram of the circumcircle and circumcentre of a sample triangulation.
nodes are defined on the domain boundary, however for a finite volume solution this
is undesirable (Mayur Pal, personal communication, 26th January, 2010). To avoid
this issue the finite element mesh can be generated for a slightly smaller domain (e.g.
the orginal domain size minus the grid resolution at the boundaries). This essentially
offsets the boundary nodes from the boundary edge. Polygons can then be generated
around these nodes taking to account the true boundary location.
The mesh for the numerical solution was generated in MATLAB using Delaunay
triangulation as implemented in DistMesh by Persson and Strang (2004). DistMesh al-
lows the user to create a mesh with triangular elements, the location of the corners of
these triangles form the node points at which an approximate solution to the problem
is found. The size of the generated triangles can be varied throughout the domain to
give finer resolution in some regions without significantly increasing the number of
nodes and hence the computational capacity required to reach a solution.
To maintain the mesh quality for a finite volume solution these node locations
were retained and Thiessien polygons were generated around each of the nodes to
determine the region for which the solution at each node is an approximation. The
lines that join these polygons represent the edges of each element, across which flux
to and from the neighbouring elements occurs. To ensure no nodes were located on
the boundary the initial triangulation was developed in a domain of slightly reduced
domain. The reduction in the domain at each boundary was approximately half of
the grid resolution in this region. As the problem is symetrical about the central,
vertical line the grid was generated for only half of the domain. On this artificial
no-flux boundary nodes remain on the boundary. An example of a mesh generated
using this method is shown in Fig. B.3.
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Figure B.2: Diagram showing the construction of a Thiessien polygon for a sample
mesh.
Matrices were developed to establish which edges surrounded each node. The
gradient in head across edge was also defined.
B.3 Sensitivity to grid resolution
The results for simulations performed to test the sensitivity to the mesh resolution
are shown in Figures B.4 and B.5. When vapour flow alone was simulated the solu-
tion was not sensitive the the grid resolution so the mesh with 484 nodes was used
to generate the results. The inclusion of liquid flow in the model increased the sen-
sitivity to the grid resolution thus a finer mesh with 801 nodes was used for those
simulations.
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Figure B.3: Example of a finite volume mesh with variable node resolution
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Figure B.4: The effect of mesh resolution on the simulated flux into three soil types.
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Figure B.5: The effect of mesh resolution on the simulated relative humidity above
the soil.
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